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Abstract
Carbonate mineral formation in lakes is a consequence of the interactions of lake water
chemistry, physical processes at several scales, and biological influences, all of which are greatly
affected by individual lake basin attributes such as basin size and physiography, bedrock
geology, catchment vegetation, hydroclimate, and resident biota. Because of this high degree of
variability in lacustrine depositional environments, lacustrine carbonate rocks exhibit large
differences with respect to texture, morphology, and distribution within the lake basin.
Lacustrine carbonate rocks are often important sedimentary archives of lake conditions and past
terrestrial climates via their chemical composition, particularly with respect to the stable isotopes
of carbon and oxygen, and trace elements such as Mg and Sr. However, in order to best interpret
these geochemical proxies, we must first understand the geochemical conditions under which
deposition occurs. In addition to providing paleoenvironmental histories, lacustrine carbonates
are also important hydrocarbon reservoirs. Enormous quantities of oil and gas are stored in such
reservoirs in South America, Africa, and China, and exploration continues for new lacustrine
plays. Accordingly, understanding the depositional constraints is important for predicting
carbonate facies distribution and reservoir properties. This research examines the lacustrine
carbonate depositional system of the Pyramid Lake and Winnemucca Dry Lake basins in order to
better constrain the geochemical, physical, and biological influences on carbonate deposition in
large lakes.
Large deposits of lacustrine carbonate rocks, known as “tufas”, are exposed along the
margins of Pyramid Lake and Winnemucca Dry Lake, adjacent lake basins located in the Basin
and Range Province of western Nevada (USA). Tufas are in-situ accretionary carbonate deposits
that build upward from the lake floor, and the largest of these structures rises more than 100 m

above base level in the Pyramid Lake basin. Tufas were deposited mainly during times when
lake levels were higher than the present. In the Late Pleistocene and Early Holocene, Pyramid
and Winnemucca Lakes, along with five other basins, filled and coalesced to form the pluvial
Lake Lahontan, reaching its peak highstand ~15,500 years before present (ybp). Lake levels rose
and fell several times over the time period of tufa deposition; Pyramid Lake is presently at a
relative lowstand, with a maximum depth of 109 m, while Winnemucca Dry Lake desiccated in
the 1930s. These modern low lake levels expose numerous tufa deposits, enabling outcrop and
basin-scale examination of tufa depositional patterns.
Tufas in this study were classified based on their mesoscale texture and exposure
morphology using a combination of satellite imagery, digital outcrop models created from aerial
imagery, and field mapping. Tufas were also examined petrographically, and analyzed for trace
element geochemistry, stable isotope geochemistry, and organic geochemistry. Textural
variations were found to result primarily from variations in water temperature and microbial
influence. Early deposition of tufas occurred in cold, relatively lowstand lake waters, with
minimal microbial influence, and tufa volumes were relatively small during this growth stage,
with these facies composing <25% of the tufa volume at studied exposures. Rates of deposition
increased as lake water temperatures and levels increased (linear growth rate of 0.005 cm/yr to
0.03 cm/yr), and microbial influences came to dominate the depositional process. Photosynthetic
microbes were the dominant builders in the tufa depositional system at this time and produced
large volumes of tufa across the basin, with these facies composing 60 – 95% of the tufa volume
at studied exposures. Morphological variations of tufas at the outcrop scale are largely related to
position along the basin margin and their relationship to underlying basin geology and structure.
Tufa deposition, in general, is strongly linked to groundwater influx into the basin; the rate of

groundwater inflow, along with the temperature, has a strong influence on the tufa morphology,
and also affects the geochemical composition of the tufa carbonate. This groundwater overprint
must be considered when evaluating tufas as paleoenvironmental indicators, as the trace element
and stable isotope geochemistry of groundwater-influenced carbonate does not directly reflect
conditions in the overlying lake water column. The results of this study show that understanding
the paleotopography and paleohydrology of the basin, which are commonly controlled by basin
structure, are the most significant factors for predicting tufa distributions at the basin scale.
However, for paleoenvironmental proxy analysis, it is critical to untangle the overprint of
groundwater and the degree of microbial influence during deposition.
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Introduction
Carbonate rocks, or limestones, are an important rock type in the Earth’s crust. Carbonate
rocks compose ~15% of all sedimentary rocks exposed at Earth’s surface (Prothero and Schwab,
2014), contain significant portions of the fossil record, serve as major aquifers, and comprise
~40% of all hydrocarbon reservoirs (Tucker and Wright, 1990). Because carbonate rocks are
such valuable resources, it is important to understand the formation and distribution of these
rocks throughout Earth history, and across the many depositional environments in which they
form.
The majority of carbonate rocks are deposited in shallow marine settings and are
important records of greenhouse Earth conditions and high sea levels, such as those experienced
during the Cretaceous Period. Because marine carbonates are so prevalent, the majority of
carbonate sedimentological research has focused on the marine system; however, carbonate
rocks are found in virtually all sedimentary systems, including lacustrine, fluvial, eolian, and
subaerial environments such as hot springs or soils (e.g. Tucker and Wright, 1990; Scholle et al.,
2006). Because non-marine carbonates are not well represented in the sedimentary record,
research on these depositional environments is less advanced than that of marine carbonates.
However, despite the relatively limited geologic abundance, non-marine or continental
carbonates represent important geological archives of terrestrial environmental conditions
(Alonso-Zarza and Tanner, 2010), and also serve as hydrocarbon reservoirs for some of the
largest oil fields currently under production, including the pre-salt reservoirs of the South
Atlantic margin of Brazil. Accordingly, because continental carbonates have recently acquired
such economic significance, research into the origins of lacustrine carbonates has increased in
the past decade. However, many questions remain unanswered regarding the constraints on these
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systems, largely due to the high environmental variability across continental depositional
settings.
Carbonate deposition in continental settings depends upon a number of factors, including
bedrock and surficial geology, surface and subsurface hydrology, climate, and biology, among
others (Alonso-Zarza and Tanner, 2010). Compared to marine carbonates, which are largely
formed as biochemical sediments, continental carbonates are more commonly influenced by
physico-chemical processes, and biological influence is largely microbial, rather than from
organisms secreting carbonate shell materials. Because these influences are variable both
spatially and temporally, prediction of facies distributions and interpretation of
paleoenvironmental conditions from continental carbonates requires careful examination of
many different continental depositional systems. The research presented in this dissertation adds
to the growing body of knowledge on the depositional processes that affect carbonate systems in
lakes, in order to better constrain the physical, chemical, and biological factors influencing
carbonate formation in these environments.
In this dissertation, I present two case studies that provide detailed evaluation of the
geochemical and biological constraints on lacustrine carbonate deposition in the Pyramid Lake
and Winnemucca Dry Lake basins (NV, USA), along with a basin-scale synthesis of the facies
and morphological distribution of these rocks. In Chapter One, I examine a continuous
depositional record of a concentrically-layered lacustrine carbonate mound to evaluate the rate
and timing of deposition, as well as textural and geochemical temporal variation and relation to
lake environmental conditions. I use radiocarbon age dating, petrography, and geochemical
analysis of trace elements and stable isotopes to demonstrate the influence of groundwater and
lake water temperature on carbonate growth and composition.
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In Chapter Two, I examine thrombolitic carbonates from Winnemucca Dry Lake to
determine the degree to which microbes influence deposition. Carbonates were petrographically
compared to modern microbial thrombolites from Fayetteville Green Lake (NY, USA) and
shown to be texturally indistinguishable from these modern microbialites. Stable isotope and
organic geochemistry, along with preserved DNA sequences from these rocks, reveals that
thrombolitic carbonate deposition is largely a product of microbial photosynthesis and its effect
on the depositional microenvironment.
In Chapter Three, I examine the lacustrine carbonate depositional system at the basin,
outcrop, and microscope scales to determine the major controls on carbonate distribution and
formation across the Winnemucca basin. Carbonates were mapped across the area using satellite
and drone-based imagery, and further constrained by field mapping. Carbonates are classified by
texture and morphology. The dominant control on basin-scale distribution is revealed to be the
paleotopography and paleohydrology of the system, whereas textural facies are controlled
strongly by the chemistry of the lake water and the degree of microbial influence. Understanding
of these controls enhances our knowledge of lacustrine carbonate depositional systems, and
improves predictive depositional models that may be used to better understand economically
important lacustrine carbonate reservoirs and paleoenvironmental records.
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Chapter 1 : 8200-year growth history of a Lahontan-age lacustrine tufa
deposit
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Abstract
Tufa domes and towers are common around the margins of Winnemucca Dry Lake, Nevada,
USA, a desiccated sub-basin of pluvial Lake Lahontan. A 2.5 m diameter concentrically-layered
tufa mound from the southern end of the playa was sampled along its growth axis to determine
timing, rate and geochemical conditions of tufa growth. A radiocarbon-based age model
indicates an 8200-year tufa depositional record that begins near the end of the Last Glacial
Maximum (ca 23 400 cal yr BP) and concludes at the end of the most recent Lahontan highstand
(ca 15 200 cal yr BP). Petrography, stable isotopes and major and minor elemental compositions
are used to evaluate the rate and timing of tufa growth in the context of the depositional
environment. The deposit built radially outward from a central nucleation point, with six
decimeter-scale layers defined by variations in texture. Two distinct tufa types are observed: the
inner section is composed of two layers of thinolite pseudomorphs after ikaite, with the
innermost layer comprised of very small pseudomorphs (<0.25 cm) and an outer layer composed
of larger, ~3 cm long pseudomorphs, followed by a transitional layer where thinolite
pseudomorphs grade into calcite fans. The outer section consists of three distinct layers of
thrombolitic micrite with a branching mesofabric. The textural change occurred as lake levels
began to rise towards the most recent Lahontan highstand interval and probably was prompted by
warming of lake waters caused by increased groundwater flux during highstand lake levels. The
Mg/Ca and Sr/Ca variations suggest a warming trend in the tufa growth environment and may
also reflect increasing growth rates of tufa associated with increased fluxes of groundwater. This
systematic study of tufa deposition indicates the importance of the hydrology of the lacustrine
tufa system for reconstructing paleoenvironmental records, and particularly the interaction
of ground and surface waters.
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Introduction
With the discovery of significant hydrocarbon deposits in lacustrine carbonate reservoirs
of the South Atlantic, interest in lacustrine carbonate depositional systems, particularly those in
rift basin settings, has increased significantly over the last decade (Della Porta, 2015). Large
lacustrine carbonate deposits from rift lakes, tens of meters in height and covering several square
kilometers, have been described from several locations globally, including Lake Abhe (Dekov et
al., 2014), Lake Van (Cukur et al., 2015) and Searles Lake (Guo & Chafetz, 2012), among
others. Among the largest and most spectacular of these lacustrine carbonate accumulations is
Pyramid Lake, one of seven lake basins that comprised the Pleistocene pluvial Lake Lahontan
(e.g. Benson, 1994). Porous freshwater carbonates known as tufas are observed in a variety of
sizes (up to about 100 m tall and 0.5 km2 in area at Pyramid Lake) and morphologies in the
Lahontan-age lake basins of the western United States; they have routinely been used for
reconstructing paleolimnological conditions (e.g. Benson et al., 1996; Petryshyn et al., 2016;
Newell et al., 2017). However, tufa may form in a variety of lacustrine depositional
environments, each of which may be geochemically distinct (Della Porta, 2015). Depending on
the history of the lake, tufas may build up over multiple generations and from several different
environments within a single outcrop, and without depositional context this variability can make
accurate interpretations of tufa geochemical records difficult to constrain.
Tufa can form where sublacustrine springs mix with lake waters to create solutions that
are supersaturated with respect to calcium carbonate (Guo & Chafetz, 2012), but also via
degassing along lake shorelines (the dominant process forming carbonate deposits at subaerial
spring sites). The timing and rate of tufa growth, the depth of water, and the geochemistry and
flux of groundwater are just some of the variables that can affect tufa composition (Rosen et al.,
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2004). The rate of tufa growth can affect paleoenvironmental proxies through kinetic effects on
the fractionation of stable isotopes and trace element incorporation into carbonate minerals.
Water depth can control the degree to which photosynthetic microbial communities influence
tufa deposition and can also play a significant role in lake chemistry through cycles of fill and
evaporation. Groundwater influence, commonly thought to play a major role in tufa deposition,
may be reflected in the composition of the tufa and complicate interpretations of whole lake
processes (Rosen et al., 2004). Deposition in any setting can be variably influenced by microbial
processes (Pentecost, 2005; Della Porta, 2015). Each of these different factors, among others, can
make the tufa proxy record difficult to interpret, especially without systematic study of
depositional processes. Examination of the geochemical and physical parameters relating to tufa
depositional processes is required in order to understand which mechanism dominates tufa
deposition, and to guide subsequent interpretation of paleoenvironmental conditions. This study
presents a record of tufa deposition from a single tufa mound in Winnemucca Dry Lake, Nevada.
Tufa texture, morphology, age and composition are examined to evaluate the rate and timing of
tufa growth, and to better constrain the depositional environment of the tufa outcrop. This study
considers the effects of these variables on tufa deposition to better enable paleoenvironmental
reconstruction, and also has implications for depositional models of large-scale lacustrine
carbonate deposits.
Geological Background
Winnemucca Dry Lake is a playa lake located in the western Great Basin of Nevada (Fig.
1). The lake bed rests within a half-graben basin with a steep extensional border fault to the east
and a flexural margin to the west. The basin is approximately 40 km long and 6 km wide. The
lake basin fills via spillover from adjacent Pyramid Lake and the Truckee River through the Mud
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Lake Slough (Benson et al., 1995). In the early 1900s, diversion of Truckee River flow for
agriculture, along with construction of State Highway 447, resulted in lowered lake levels and
eventual desiccation of Winnemucca Lake in the late 1930s (Hattori, 1982). The Winnemucca
basin is one of seven that comprised pluvial Lake Lahontan in the Pleistocene. From the end of
the Pleistocene through most of the Holocene Winnemucca was connected to Pyramid Lake
(Benson et al., 2013).
Numerous outcrops of tufa are exposed along the Winnemucca paleo-lake margin, with
the greatest density of tufa along the western flexural margin (Fig. 1); extensive tufa outcrops are
also observed on both the western and eastern margins of Pyramid Lake. Tufa towers commonly
occur along fault zones and are observed in association with both cold and hot springs (Benson et
al., 1995). Tufas in Winnemucca basin are locally extensive, covering thousands of square
meters, and in some localities are tens of meters high. Outcrops consist of multiple tufa
morphologies and textures; they exist primarily as isolated clusters of mounds or towers but are
also commonly observed as decimeter-thick branching drapes on bedrock around the entire lake
basin. Mounds and towers are mostly located on the shallow slope of the western margin of
Winnemucca basin, with only a few positioned on the flat lake bottom. No published sediment
core records are available from the Winnemucca basin, but several deep-water cores from
Pyramid Lake were described by Benson et al. (2013). Those sediment cores consist of claysized sediment with some silt and sand. Variable proportions of calcite and aragonite commonly
form a significant fraction of the sediments (Benson et al., 2013). Whereas tufas make up only a
small proportion of basin sediments by volume, the impressive tower and mound structures
dominate the basin landscape (for example, Fig. 2).
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Methods
Tufa samples were collected from a concentrically-layered tufa mound located in the
southwest corner of the Winnemucca Dry Lake basin (site WDL-SW, N 39˚ 56.7, W 119˚ 22.8;
Fig. 2). The site is located outside of the boundary of the Pyramid Lake Paiute Reservation, on
public lands frequently used for recreational purposes. That area exposes numerous radial
mounds amalgamated into a large cluster of tufa columns and domes. Many mounds have
exposed internal layers, which reflect different textures and lithologies. One mound was chosen
for sampling on the basis of its excellent cross-sectional exposure. A series of 2.54 cm diameter
cores were drilled along a transect of tufa growth layers in 2014 and 2017 (Fig. 2), summarized
in Table 1. Cores were rinsed with deionized water to remove any surface debris. Subsamples for
radiocarbon age dating were collected from the innermost section of each core to minimize
potential contamination and were wrapped in aluminum foil and stored in plastic bags until
analysis. Subsamples for elemental and isotopic analyses were collected from the remainder of
each core closest to the center, and the remaining outer core sections were processed for
petrographic thin sections.
Radiocarbon ages were determined for eight crushed and homogenized tufa samples via a
National Electrostatics Corporation 1.5 SDH Compact Pelletron accelerator mass spectrometer
(AMS; Middleton, WI, USA) by DirectAMS Radiocarbon Dating Service (Bothell, WA, USA).
Ages were calibrated using the CALIB14C Calibration Program (Stuiver et al., 2017) with the
IntCal13 database and are reported in calibrated years before present (cal yr BP) with 1 sigma
errors (Table 1). Calibrated ages were then used to create an age model for the dome using
StalAge (Scholz & Hoffmann, 2011), an age-dating algorithm developed for speleothem age
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models (Appendix A). This program was chosen to address both the non-linearity of tufa growth
and to assess uncertainties within the age model.
Petrographic thin sections were prepared for seven of the tufa cores (Samples 1, 3, 6, 8,
10, 11 and 12) using blue epoxy impregnation and were half-stained with alizarin red for calcite.
Optical porosity for each section was determined by quantifying the amount of blue epoxy in the
sample using the jPOR image analysis program (Grove & Jerram, 2011).
Prior to geochemical analysis, subsamples of the tufa cores were first sonicated in
deionized water to remove any adhered particulates, then dried and powdered using either a ball
mill or mortar and pestle. Powders for elemental analysis and stable isotopes were stored in acidcleaned glass vials until analysis.
For elemental analysis, 10 mg of powder was transferred to an acid-cleaned centrifuge
tube and dissolved in trace metal grade 2% nitric acid for solution analysis on an ELAN®
Dynamic Reaction CellTM-e inductively coupled mass spectrometer (ICPMS; PerkinElmer,
Waltham, MA, USA) at the State University of New York College of Environmental Science and
Forestry, Syracuse, New York. All samples were corrected for a procedural blank and dilution.
Results are normalized with respect to Ca and presented as molar ratios. Average analytical
precisions of carbonate elemental samples are 0.006 for Mg/Ca and 0.0004 for Sr/Ca (1s of 5
internal standard replicates).
Carbonate isotopic compositions (d13C and d18O) were analyzed using a KIEL III
carbonate device on a ThermoFinnigan MAT 253 dual inlet mass spectrometer (Thermo Fisher
Scientific, Waltham, MA, USA) at the W.M. Keck Paleoenvironmental and Environmental
Stable Isotope Laboratory (KPESIL) at the University of Kansas. Analytical precision is reported
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by KPESIL as better than 0.1‰ for both carbon and oxygen, based on daily analysis of NBS-19
carbonate standards.
Results
Tufa description
Six decimeter-scale layers (A to F) are defined by abrupt changes in tufa texture (Fig. 2).
Two distinct tufa macrotextures are observed; inner layers A, B and C (Fig. 2) are thinolitic, and
the outer layers D, E and F are primarily thrombolitic. Layer A consists of thinolite
pseudomorphs that are <0.25 cm in length. Layer B is composed of larger thinolite
pseudomorphs that are 3 to 4 cm in length. The larger thinolites are also observed in the oldest
part of Layer C and then transition into denser, dendritic tufa. Layers D to F are all composed of
dense thrombolitic tufas with a dendritic mesofabric.
Thin section microscopy reveals details of these distinct textures in the tufa (Fig. 3).
Mineralogically, all of the samples are dominated by calcite, with minor clastic components
consisting primarily of silicates in some pores. All samples contain vuggy porosity, with an
optical porosity range of 43 to 19%, and a mean value of 29%. Sample 1 (Fig. 3A to C) is
primarily composed of concentrically zoned calcite crystals typical of thinolites (Type 1 calcite
of Huggett et al., 2005) with minor components of micrite and non-zoned crystalline calcite (Fig.
3B and C). There are numerous circular rims of small calcite crystals throughout the sample,
forming a framework of large, open pores (Fig. 3A). Sample 3 (Fig. 3D to F) and sample 6 (Fig.
3G and H) also contain thinolite, but the overall fabric is less porous, and the zoned calcite
crystals are found as clusters within a micritic matrix and/or mixed with acicular calcite fans.
Large vuggy porosity is present in both samples and pores often contain clastic infill,
occasionally including fragments of ostracod shells, which may have been washed in during lake
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level fluctuations or which accumulated on the surface of the tufa during growth. Sample 6 (Fig.
3G and H) is predominantly composed of shrubby calcite fabric, with elongate calcite crystals,
and little to no micrite present, although occasional clusters of zoned calcite crystals are present.
This thin section is from a layer that visibly transitions from thinolite to thrombolite mesofabric
and is the outermost extent of observed thinolite crystals or fabrics.
In the outer three layers (Samples 8, 10, 11 and 12), the texture of the tufa changes to a
mix of shrubby calcite crystals and micrite (Fig. 3I), with a thrombolitic mesofabric. Thinolite
pseudomorphs are absent, with the exception of Sample 12, which has some zoned crystals
bound in micritic clots. These samples are less porous than older (inner) samples, exhibit vuggy
porosity and contain larger amounts of clastic grains than older layers (~15%, compared to ~5%
or less). Pores often are rimmed with a dense layer of brown micrite (Fig. 3J). Carbonate grains
filling porosity include fragments of micrite, ostracod shells, calcite rhombs and peloids (Fig.
3K). This material is typically surrounded by micrite (Fig. 3L). The samples contain siliciclastic
material composed of lithic fragments, quartz and feldspar (Fig. 3K), with minor carbonate
grains (ostracod shell fragments and ooids), surrounded by micrite or filling in open pores.
Sample 12, the outermost sample of the tufa dome, contains a significant component of
siliciclastic and carbonate grains and smaller fragments of micrite bound by larger clots of
micrite with dark-brown rims (Fig. 3J).
Tufa age model
An age model for tufa depositional timing was developed using the speleothem age
modelling algorithm StalAge (Scholz & Hoffmann, 2011). This model was chosen over other
age modelling programs for its ability to account for outliers and age inversions, and to calculate
uncertainty within the model. Additionally, since tufa mounds accrete outward and upward,
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similar to the growth of speleothems, this was considered to be more representative of tufa
growth strategy than typical sediment-core age–depth models that consider accumulation rates.
StalAge inputs are the calibrated age median and range and the distance from the center (Table 1;
Appendix A). Modelled ages presented in Table 1 are rounded to the nearest hundred, to better
represent uncertainty.
The resulting age model for the WDL-SW tufa dome gives an overall growth period of
8200±4150 years (Fig. 4). The analyzed tufa mound built radially outward over time from a
central nucleation point; the oldest sample is in the core of the mound and samples become
progressively younger towards the outer layers. Based on an age–distance model (Fig. 4), the
central tufa layer was deposited at 23,400±4000 cal yr BP, and the outermost layer at
15,200±300 cal yr BP. While the youngest tufa date is 15,200±300 cal yr BP from Sample 12,
there was continued growth of the tufa dome for an undetermined length of time after this.
Extrapolating the age model outward, growth would have continued until ~14,000 cal yr BP. The
thinolitic central core of the mound (Layer A) grew for ~3800 years, and thinolite growth
continued until a textural transition occurred ~18,500 cal yr BP (Sample 6; Layers C and D).
After this transition, thrombolitic tufa growth began and continued until deposition ended.
Geochemical composition of tufa
Eight of the samples were analyzed for Mg and Sr compositions (Table 2).
Magnesium/calcium increased over the duration of tufa deposition (Fig. 5A); Sr/Ca also
increased from the oldest sample to the youngest (Fig. 5B). All 12 samples were analyzed for
carbonate d18O and d13C (Table 3). Tufa d18O values vary from a maximum of -1.9‰ (VPDB) at
20,100±2900 cal yr BP to a minimum of -4.3‰ at 19,100±200 cal yr BP, and back up to -2.5‰
at 18,100±200 cal yr BP (Fig. 6A). The d13C values ranged from 2.3 to 4.1‰ (VPDB), with an
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average value of 3.4‰. During tufa deposition, d13C values increase from an initially low value
of 2.3‰ to the high value of 4.1‰ at 19,100±150 cal yr BP (Fig. 6B). Values fluctuate between
3‰ and 4‰ for the remainder of the depositional interval. No statistically significant relation is
observed between d13C, d18O and sample age.
Discussion
Tufa depositional setting
The WDL-SW tufa outcrop is located on the eastern flexural margin of the Winnemucca
basin, at an elevation of 1208 meters above sea level (m a.s.l.), approximately 60 m above the
central lake bottom (1150 m a.s.l.) and ca 130 m below the maximum Lahontan highstand lake
level (1136 m a.s.l.; Benson et al., 2013). The site is approximately halfway down the slope, in
what would have been the littoral to sublittoral zone of the paleolake, depending on lake level.
Based on interpretations of the fill and spill cycles of Lake Lahontan, the Winnemucca Lake
basin never spilled into other nearby basins; rather, it was connected to the rest of the five Lake
Lahontan sub-basins through the Pyramid Lake spillpoint (Benson et al., 2013). According to a
lake level interpretation by Benson et al. (2013), the Pyramid Lake basin began to fill above the
spillpoint into the Winnemucca Lake basin at ~4, 000 cal yr BP. The water depth of
Winnemucca Lake increased to a relative highstand by ca 23,000 cal yr BP and remained until ca
19,500 cal yr BP, after which post-Lahontan desiccation decreased the lake level (Fig. 7). The
tufa dome studied here may have been briefly exposed during the post-Lahontan lowstand
interval, when lake levels may have dropped below the Mud Lake Slough spill (ca 14,400 to ca
13,500 cal yr BP) (Fig. 7). The WDL-SW tufa dome was then submerged for at least two
subsequent relative highstands and has probably been exposed for the last ca 1000 years (Fig. 7).
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Based on the Benson et al. (2013) lake level model, during the time of tufa deposition, water
depths at the tufa site varied from ca 28 m to ca 128 m.
The tufa ages were not corrected for any potential carbon reservoir or diagenetic effects.
Thin sections from the WDL-SW tufa are nearly all pristine. However, it is possible that the
WDL-SW tufa samples were contaminated with modern carbon during times of potential
exposure, resulting in radiocarbon ages that are younger than the time of deposition (Benson et
al., 1995, 2013). Whereas thin sections do not show significant deposition of secondary
carbonate in pore spaces, much of the fabric is micritic and secondary alteration on the basis of
photomicroscopy is difficult to determine; however, the microfabrics are similar to modern
microbialites, possibly indicating low or absent alteration (Laval et al., 2000; Theisen et al.,
2015). Additionally, the effects of the transition from ikaite to thinolite on 14C compositions are
unknown, although this transformation could be the reason for the large errors in radiocarbon
ages for the thinolite samples. Conversely, the radiocarbon ages of the tufa could be older than
the age of deposition due to a reservoir effect causing low initial 14C/C ratios in lake water.
Reservoir effects of 100 to 600 years have been reported for modern Lahontan lakes (Benson et
al., 1995; Yuan et al., 2006) and Benson (1993) calculated a reservoir effect of 100 to 400 years
for Pleistocene Lake Lahontan. The reservoir effect could be exacerbated by the influx of ‘dead
carbon’ from groundwater. The 14C values of groundwater in the basin have not been reported,
so the potential effects of groundwater influx cannot be accurately determined; however, during
highstand lake levels, groundwater inputs were likely to be higher and could have contributed
significant amounts of dead carbon to the lake. Benson et al. (2013) did not apply a reservoir
effect to their data due to these uncertainties; accordingly, the same approach was taken for the
ages presented in this study in order to enable comparison with their records.
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Tufa growth rates
The growth rates of tufas reported in the literature are highly variable (Pentecost, 2005);
however, most reported growth rates are from fluvial or spring water deposits, and growth rates
are measured by weight using substrate experiments over seasonal intervals. Few studies have
examined linear or volumetric growth rates of lacustrine tufas or microbialites on long-term
timescales. In Basin and Range lakes, Rosen et al. (2004) reported tufa growth rates from Big
Soda Lake of >30 mm/yr, and Petryshyn et al. (2012) reported rates as high as 0.39 mm/yr.
Growth rates of freshwater microbialite carbonate from Pavilion Lake of 0.03 mm and 0.05
mm/yr have been reported (Laval et al., 2000; Brady et al., 2009) and growth rates of 0.02 to
0.14 mm/yr were reported from adjacent Kelly Lake (Soles et al., 2012). Benson et al. (1996)
report d18O and d13C for a “60 mm-thick tufa sample that took ~1100 yr to form”, yielding a
growth rate of 0.05 mm/yr, consistent with the reported values from Pavilion and Kelly lakes, but
considerably slower than the rates estimated for the other regional lakes, as well as this study.
The average long-term linear growth rate of the tufa deposit in this study is 0.16 mm/yr; with the
uncertainty in age modelling, the average linear growth rate could range between 0.1 mm/yr at
the slowest rate to 0.9 mm/yr at the fastest. However, tufa linear growth rates vary throughout
deposition; average growth rates of individual layers vary from 0.05 mm (Layer A) to 0.32
mm/yr (Layers B and E; Table 4). Tufa growth rate determination by Rosen et al. (2004), based
on historical records of modern tufa occurrence, indicates that tufa growth can occur at high rates
over short timescales, which may account for the variability in tufa growth rate in this study; the
uncertainty in radiocarbon age dating techniques for tufa may smear the growth rate signal in the
tufa dome examined in this study and others.
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By simplifying the tufa model to a hemisphere (Fig. 8), the volumetric rate for each of the
layers was determined (Table 4). The average volumetric growth rate of the tufa dome is 475
cm3/yr (possible range of 314 to 950 cm3/yr), with growth rate increasing over time. As with
linear growth rates, the volumetric growth of thinolitic and thrombolitic tufas are dramatically
different. Thinolite tufa grew 10 to 103 cm3/yr, while thrombolite tufa grew at 103 to 104 cm3/yr.
Volumetric growth was also calculated for a cylinder geometry, to examine a different potential
tufa morphology. The cylindrical growth rates exhibited the same trend as hemispherical growth,
with thrombolite tufa growth rates being much faster than thinolite growth rates. These two
models exhibit different rates of growth, but demonstrate the same trends, which also correspond
to the increasing trend observed in linear growth rates (Table 4).
Water temperature indicators from tufa texture
The textural change from thinolites to thrombolites, which occurs ca 18,500 cal yr BP
during a relative lowstand interval, may be a response to warming lake water temperatures at the
site of tufa deposition. Thinolite has been interpreted as a pseudomorph of ikaite (CaCO3•6H2O)
(Shearman et al., 1989) and has been well-documented in the Lahontan basins since first
observed by King (1878). Thinolites have a porous texture thought to result from dehydration
water loss during transformation from ikaite (Council & Bennett, 1993), although it is unclear
how the pseudomorphs maintain their structure during this process (Bischoff et al., 1993a). If
formed from an ikaite precursor, the presence of thinolite indicates a set of very specific
environmental conditions at the lake bottom. Ikaite growth typically occurs in near-freezing (0 to
4°C) waters with high orthophosphate or Mg concentrations (Zhou et al., 2015), and ikaite
removed from the stable temperature–pressure environment rapidly disintegrates into a mush of
water and calcite (Bischoff et al., 1993a; Ito, 1998; Omelon et al., 2001). However, Purgstaller
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et al. (2017) found that ikaite could be precipitated in laboratory conditions at water temperatures
up to 12°C in solutions highly supersaturated with respect to ikaite. These authors also found that
mineral transformation was controlled by Mg/Ca ratios, where low Mg/Ca promotes formation
of calcite and high Mg/Ca promotes formation of aragonite. Ikaite has been tentatively identified
at marine hydrothermal vents (Ludwig et al., 2006) and Bates et al. (2010) showed steep
temperature gradients (>1°C/cm) around hydrothermal vents; thus, ikaite formation may be
possible even where thermal groundwaters enter very cold lake water, especially if flow rates are
slow or diffuse.
Purgstaller et al. (2017) determined that ikaite that remained in an aqueous environment
during transformation formed aggregates similar to purported ikaite pseudomorphs, rather than
disintegrating. Ikaite is commonly observed within the sediment column (Suess et al., 1982);
however, domes of thinolite have been interpreted as forming above the sediment–water
interface on the basis of the crystal perfection, indicating that the growth of precursor crystals
was unconstrained by sediment (Shearman et al., 1989; Huggett et al., 2005). Thin section
analysis supports this interpretation, as thinolite sections show no trapped clastic material that
would be expected if the thinolite precipitated in the sediment column. Many mounds at this site
also have exposed flattened bases, which may indicate growth at the sediment–water interface.
Council & Bennett (1993) observed ikaite formation at the sediment–water interface of spring
mixing sites in Mono Lake and proposed that pseudomorphs of ikaite are formed when
decomposition is slow, and crystals were formed with sparse fluid inclusions. Bischoff et al.
(1993b) also observed ikaite formation at Mono Lake at sites of spring and lake mixing, with
both cold (8 to 18°C) and mildly thermal (31 to 42°C) springs contributing to ikaite precipitation.
Thus, a slow transformation in an aqueous environment could result in the formation of large
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thinolite pseudomorphs, such as those observed in the Lahontan basins. An increase of only a
few degrees Celsius is sufficient to transition from ikaite precipitation to calcite precipitation, as
well as to facilitate the transformation of ikaite into thinolite (Ito, 1998). If the transformation
was coeval with thrombolite formation, this could explain some of the age reversals and
uncertainties in radiocarbon ages of thinolite samples. Assuming that samples from this study
indeed had an ikaite precursor, the thickness of the thinolite section, and the age dates obtained
from the thinolite and thinolite-transition layers would suggest that cold, phosphate-rich or
magnesium-rich bottom water was present from 23,400±3900 until 18,500±350 cal yr BP, just
past the end of the Last Glacial Maximum (LGM) (Clark et al., 2012).
Thin section microscopy lends insight into the observed textural shifts between layers.
Zoned calcite crystals in samples 1, 3 and 6 are indicative of calcites that formed as firstgeneration decomposition products of ikaite (Huggett et al., 2005), supporting the hypothesis that
cold water conditions prevailed during the early stages of tufa mound deposition. These sections
contain very little pore infill, and tend to be more crystalline than younger samples, perhaps
indicating low amounts of runoff into the lake, and supporting the interpretation that the tufa
mounds grew primarily above the sediment. Younger samples transition into fabrics that are
dominantly composed of a mix of micrite and shrubby calcite, which appear to be coeval, but
could potentially be formed in multiple generations. However, this fabric is similar to
microfabrics described in modern lacustrine microbialites, possibly indicating that thrombolitic
tufas were significantly influenced by microbial processes (Omelon et al., 2013; Theisen
et al., 2015). These samples contain increasingly higher proportions of clastic and carbonate
grains, including ooids/spherulites, that may have filled in pore spaces during lake level
fluctuations after tufa deposition.
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Tufa geochemistry
The trace element composition of the tufa supports the interpretation that thrombolite tufa
grew faster and in warmer conditions than thinolite tufa. Magnesium/calcium and
strontium/calcium strongly covary within the tufa deposit (Fig. 9). Both ratios initially decrease,
reaching a low value at 19,900±2200 cal yr BP (Sample 3). After this point, both ratios increase
to the highest value at the youngest sample (Fig. 5). Mg/Ca and Sr/Ca also covary with growth
rate (Fig. 10A and B).
The covariance observed between Mg/Ca and Sr/Ca could indicate a change in either the
water temperature (Huang & Fairchild, 2001), the rate of tufa formation (Mucci & Morse, 1983),
or both. The distribution coefficient for Mg in calcite, DMg, increases with increasing water
temperature (Huang & Fairchild, 2001), such that tufas precipitated in warmer waters have
higher Mg/Ca values than tufas precipitated in colder waters. Given this relationship, the trend
observed in the tufa Mg/Ca values could be explained by a change in the water temperature. The
thinolite section probably grew in colder temperatures than the thrombolitic section, and the
timing of this transition corresponds to the general warming trend post-LGM, as well as
increasing lake levels as the lake approaches its highstand (Fig. 7). High lake levels would be
accompanied by increased groundwater flux into the basin, which could elevate water
temperature in the mixing zone by increasing the proportion of groundwater to lake water.
Assuming that the Mg/Ca values of the tufa depositional environment were constant, an increase
of ~5°C in the depositional environment could produce the observed changes in Mg/Ca.
The Mg/Ca ratios of calcite also decrease when the Mg/Ca in solution is lower (Mucci &
Morse, 1983); thus, a highstand lake would result in lower tufa Mg/Ca values than a lowstand
lake, because the Mg/Ca ratio increases with evaporation and carbonate sedimentation (modern
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Pyramid Lake has approximately 20 times greater Mg/Ca than the Truckee River). However,
Mg/Ca ratios in the tufa increase during inferred highstand events (Fig. 10C); thus, the Mg/Ca
values cannot be controlled by water chemistry.
Water chemistry changes with lake level fluctuation could explain the Sr/Ca values of the
tufa, but not the covariance between Sr/Ca and Mg/Ca. Both Sr/Ca and Mg/Ca in carbonate
minerals can increase with faster growth rates, although for Mg/Ca this effect is less significant
than that of temperature or solution composition (Huang & Fairchild, 2001). The value of the
distribution coefficient for Sr in calcite, DSr, increases with increasing calcite precipitation rate
(Huang & Fairchild, 2001) and the Mg/Ca concentration of the solution (Mucci & Morse, 1983).
When the Mg/Ca of the solution is low, the effects of magnesium inhibition on calcite growth
decreases, and the rate of calcite precipitation increases; DSr correspondingly increases with rate.
Both Mg/Ca and Sr/Ca in WDL-SW tufa covary with modelled growth rate (Fig. 10A
and B). High Mg/Ca during lowstand would result in decreased precipitation rate and lower
Sr/Ca ratios preserved in tufa, and thus Sr/Ca would correlate positively with lake level. The
WDL-SW tufa has a positive covariance between Sr/Ca and interpreted lake level (Fig. 10D),
although this relationship is not statistically significant. However, as the Mg/Ca also positively
correlates with lake level, it seems unlikely that the elemental ratios are being controlled by lake
level fluctuations over time. In conjunction with the observations of tufa texture and age, the Mg
and Sr signal of the tufa is interpreted to primarily indicate a small increase in lake bottom
temperature at the site of tufa formation and faster tufa growth rates, both of which could result
from increased groundwater flux at the site of tufa deposition.
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Groundwater–lake water mixing as a primary mechanism for tufa deposition
Tufa towers in lacustrine systems are frequently associated with sublacustrine springs,
especially in rift basins (e.g. Barrat et al., 2000; Renaut et al., 2002). The tufa forms when
groundwater emerges at sublacustrine springs or seeps and mixes with lake waters, creating an
environment that is supersaturated with respect to carbonate minerals and triggering mineral
precipitation (Della Porta, 2015). Large tufa tower complexes in Pyramid Lake are associated
with cold springs (Popcorn Rocks; Coolbaugh et al., 2010), thermal springs (Needles Rocks;
Benson et al., 1995; Arp et al., 1999; Pyramid Rock; Coolbaugh et al., 2010) and with blind
geothermal systems along faults (Astor Pass; Vice et al., 2007). The WDL-SW tufa probably
formed above a source of groundwater inflow into the basin. Small, tubular tufa ‘pipes’ that are
interpreted to form at spring orifices (Benson, 1994) were observed at the broken base of the
sample site; however, it is not clear whether these small pipes were directly connected to the
sampled mound, because mounds are often amalgamated structures. The lack of large-scale pipe
structures indicates that flow in this area may have been diffuse.
As previously mentioned, Sr/Ca in the tufa dome increases from the oldest to youngest
layers. The Sr/Ca increases could be explained by increased groundwater flux, because the Sr/Ca
of groundwater is higher than that of surface waters (Benson et al., 1995, 1996). The partition
coefficient for Sr in calcite, DSr, can be used to calculate the Sr/Ca of the originating water
(Olsson et al., 2014); in the current study, it is assumed that thinolite transformation and
thrombolite deposition occurred in cold lake bottom waters similar to modern day Pyramid
Lake (~6°C). While partition coefficients for ikaite and subsequently transformed calcite have
not been empirically calculated in a laboratory setting, Olsson et al. (2014) found that recently
transformed calcite from ikaite had DSr values in agreement with observed calcite values. Spring
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water compositions for both cold and thermal groundwater (Benson et al., 1995) and Truckee
River water composition from Benson et al. (1996) and from the United States Geological
Survey’s National Water Information System database were used to calculate simple linear
mixing models (Fig. 11). The models indicate that both thermal and cold springs mixing with
lake water would result in calcite supersaturation (Fig. 11), and that at small amounts of
groundwater influx the temperature would stay within range of ikaite precipitation, especially if
flow was diffuse. Using a range of DSr values from Olsson et al. (2014), Sr/Cawater has a mean
value of 0.0086 (0.0053 to 0.014). The mean value plots on mixing curves of groundwater and
simulated highstand lake water (Fig. 11). The mean value plots at a similar percentage of
groundwater to lake water, but the potential range of groundwater influx differs. For thermal
groundwater, the mean value is consistent with a mix of ca 29% groundwater and a range from 3
to 100% groundwater. For cold groundwater, the mean value is consistent with 32%
groundwater, with a range of 1 to 54%. Given the uncertainty involved in the endmember
calculations, as well as in choosing the correct value for DSr, the groundwater component cannot
be precisely calculated using the elemental data or isotopic data, but at a minimum the
calculations demonstrate that the tufa values are likely to be representative of a mix between
groundwater and lake water. The increase in Mg/Ca in the tufa cannot be similarly explained, as
groundwater Mg/Ca composition is not distinct from surface water (Benson et al., 1995, 1996);
as previously explained, the Mg/Ca increase is likely due to increased temperature and
precipitation rate.
The stable isotopic compositions of tufa also support an interpretation of groundwater
mixing. The range of d18O for the WDL-SW tufas is -1.9 to -4.1‰ VPDB (26.7 to 29.0‰
VSMOW), and the range of d13C is 2.3 to 4.1‰ VPDB. These values are within the range of
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reported tufa stable isotope values (d18O: -6.5 to 2.5‰ VPDB; d13C: -0.2 to 5.7‰ VPDB) for the
Pyramid and Winnemucca lake basins (Benson et al., 1996) (Fig. 12). In the WDL-SW tufa, d18O
and d13C do not covary (Fig. 12), and no relationship is observed between d18O, d13C, and
interpreted lake level. Similarly, when the tufa is separated into thinolite and thrombolite
categories, no relationship is observed. Tufas forming in deeper slope margin environments,
and/or at mixing zones between groundwater and lake water, probably are not as reflective of
lake surface isotopic values as those forming in the epilimnion. Rosen et al. (2004) demonstrated
that recent (<100 years old) near-shoreline tufas in Big Soda Lake had stable isotopic
compositions that were more reflective of a groundwater–lake water mixing environment than of
the lake average. The lack of covariance within the WDL-SW isotope data, in addition to a lack
of correspondence between lake level and isotope composition, may reflect this groundwater
mixing effect.
Historical and sediment core data for Pyramid Lake and other Lahontan lakes indicate
that overall lake d13CDIC is typically in equilibrium with atmospheric CO2 (Benson et al., 1996);
during the time of tufa deposition (d13CCO2 = -7.2‰; Marino et al., 1992). Using the equation of
Mook et al. (1974), the temperature-dependent fractionation between dissolved inorganic carbon
(DIC) and CO2 can be calculated:
10! ln %"#! →%"#"#$ = (9.552 ×

10!
) − 24.10
.&

where water temperature (Tw) is in °K. Mean annual temperature of surface water in modern day
Pyramid Lake is 15°C and may have been colder during the Pleistocene. Using a range of
temperatures (15 to 5°C) and a range of d13CCO2 values (-7.0 to -7.5‰), a potential range of lake
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water d13CDIC for the Pleistocene lake is estimated to be between 1.6‰ and 3.2‰ (VPDB).
Using the equilibrium relationship between DIC and calcite described by Romanek et al. (1992),
the tufa composition yields a calculated d13CDIC between 0.3±0.1‰ and 2.1±0.1‰ (Fig. 13A).
These values are generally lower than the calculated lake water DIC values for the Pleistocene
but are higher than the d13CDIC of both modern hot springs at Pyramid Lake and Truckee River
inflow waters (-3.2±0.2‰ and -10.6±0.7‰) (Benson et al., 1996). Thus, the equilibrium values
calculated from the tufa fall into the range that would be expected in a mixing environment
between hot spring and lake water, assuming that these values were similar during the period of
deposition. These results are consistent with mixing fractions observed by Bischoff et al. (1993b)
for ikaite tufa precipitation at Mono Lake. Thus, the ~2‰ variation in the WDL-SW tufa d13C
values can be explained by variations in spring discharge rates and mixing proportions.
The oxygen isotopic data are more difficult to interpret, but also appear to support a
mixing zone geochemical record, rather than one reflecting lake level change. Without
temperature information, equilibrium values of d18O for water are difficult to accurately
calculate; however, if thinolite is assumed to precipitate between 2°C and 4°C then a potential
range of d18Owater during thinolite precipitation is -3.6 to -6.4‰ SMOW, using the temperature
equation of Kim & O’Neil (1997) and the thinolite d18O values from this study (Fig. 13B).
Comparison with possible endmembers (Fig. 13B) suggests that these values would fall in
between lake and groundwater values for d18O.
Evaluation of groundwater fluxes during tufa deposition
Assuming that all of the calcium for tufa deposition was sourced from groundwater, the
minimum groundwater flux necessary to produce the modelled tufa volumes for the sampled site,
as well as the for the tufa outcrop, is determined, assuming 100% ‘efficiency’ of carbonate
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precipitation. While it is unlikely that these assumptions account for all variables, they provide a
baseline to gauge whether the fluxes are reasonable for this system. The single tufa dome
examined in this study is one mound among numerous amalgamated mounds of similar shape
and texture (Fig. 2). The outcrop covers an area of ca 15 000 m2, with several large clusters of
mounds and numerous scattered isolated mounds. The average outcrop height is 4 m, which
yields a tufa outcrop volume of 60,000 m3. The average optical porosity of the tufa samples is
29%, which gives an effective volume of 42,600 m3 of tufa. Extrapolating the studied tufa
mound to the entire outcrop, assuming that the entire outcrop grew during the same interval as
the studied mound, yields an overall growth rate of 4.7 m3/yr. This is a minimum estimate, given
that tufa outcrops have been eroded and are also partially buried; it is likely that the studied
mound does not exactly represent the history of the entire outcrop, although consistent textural
trends are observed in all exposed mounds.
From the idealized hemispherical model, the effective volume of tufa at the sample
outcrop site is 4.4 m3. Using a density for calcite of 2.71 g/cm3, the mass of tufa is then 1.2 x 107
g of calcite. Since calcite is 40.04% calcium by mass, this yields a mass of calcium of 4.8 x 106
g, which converts to a molar mass of 1.2 x 105 moles of Ca. Using an average molar calcium
concentration of 1.9 mmol/l Ca2+ from springs in the Pyramid and Winnemucca basins
(Appendix I) a total minimum volume of ~6.3 x 104 m3 of groundwater was needed to form the
single tufa mound for this study. This amounts to a minimum flux of 7.7 m3/yr for the single
location. When considering the entire tufa outcrop, the total minimum volume of groundwater
necessary was ~6.1 x 108 m3, amounting to a flux of ~7.4 x 104 m3/yr. Given the total volume of
the basin (~3.8 x 1010 m3 of water during Lahontan highstand), it seems reasonable to assume
that groundwater is a small component of the total water influx to the system; this site would
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contribute ca 0.0002% of total basin volume. However, this mass balance study clearly
demonstrates that even minimal groundwater influences can have significant effects on the basin
sedimentology through depositing significant amounts of carbonate.
Conclusions
A concentrically-layered tufa mound from Winnemucca Dry Lake was examined to
determine rate and timing of deposition, and to assess the textural and geochemical variations in
the context of depositional environment. Two distinctive tufa textures are observed within the
mound, with central layers composed of thinolite pseudomorphs after ikaite and outer layers
composed of thrombolitic micrite. The tufa was deposited over an 8200±4150-year period during
the Late Pleistocene (23,400±3900 to 15,200±250 cal yr BP). The average linear growth rate of
the tufa was 0.15 mm/yr, and the average volumetric growth rate was 695 cm3/yr. Mixing models
of groundwater and lake water indicate that tufa deposition at this site was probably due to
groundwater mixing with lake water. The d18O and d13C of the tufa carbonate show dissimilar
trends and do not covary, indicating that the stable isotopic composition of the tufa does not
record lake level cycles as previously proposed. Magnesium/calcium and strontium/calcium
strongly covary, with an initial decrease during early deposition and increasing during later
stages. These significant temporal increases in Mg/Ca and Sr/Ca probably reflect increasing lake
water temperatures at the site of tufa deposition, and faster tufa growth rates during thrombolite
deposition, likely due to enhanced groundwater influx in times of higher lake levels. The stable
isotope composition supports the interpretation that the tufa formed in a mixing environment
with significant groundwater input.
This tufa deposit formed when the Lahontan lake levels fell ~30 m in 800 years, then rose
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~100 m to maximum highstand levels over 2800 years, then fell ~ 115 m in 500 years (Benson et
al., 2013). However, these hydroclimate changes are not accompanied by changes in the tufa
textures or compositions. Rather, the tufa textures reflect accretion in a mixing zone where
groundwater emerged into cold lake bottom waters, and influx likely fluctuated with lake levels.
The tufa outcrop in this study formed on the shallow slope of the flexural margin of the
Winnemucca half-graben basin, most likely at the sediment–water interface. During tufa
accretion, water depth at this location varied between 30 m and 130 m, and tufa formed semi
continuously until the post-Lahontan lake level decline. The lake bottom setting was likely
dominated by mixing zone conditions rather than hydroclimatic changes, resulting in
geochemical signatures in the tufa that are not reflective of significant changes in lake level, but
rather reflect shifts in groundwater influx over time. These results indicate that even small
groundwater fluxes may be significant with respect to the lacustrine carbonate sedimentary
system, and that tufa paleo-proxy information must be interpreted carefully within the context
of the specific lacustrine depositional environment.
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Tables
Table 1-1. Tufa sample locations and age determinations.
Layer
ID

Sample
ID

A

1
2
3
4
5
6

Distance
from
Center
(cm)
0
7.5
13.5
34
46
54

7
8
9
10
11
12

62.5
67
74.5
94
110
123

B
C
D
E
F

14

Texture

C
(yr BP)

1s
Error

Calibrated Age
Range
(cal BP)

Thinolite
Thinolite
Thinolite
Thinolite
Thinolite
ThinoliteThrombolite
Thrombolite
Thrombolite
Thrombolite
Thrombolite
Thrombolite
Thrombolite

22,204
n.a.
15,075
15,846
n.a.
17,052

120

26,210 – 26,570

Calibrated
Median
Age
(cal yr BP)
26,420

84
64

18,200 – 18,450
19,000 – 19,190

18,320
19,100

81

20,450 – 20,690

20,570

56

17,980 – 18,170

18,080

59
74
70

15,850 – 16,050
15,690 – 15,950
14,950 – 15,210

15,940
15,810
15,070

n.a.
14,873
n.a.
13,261
13,161
12,668
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StalAge
Median
Age
(cal yr BP)
23,400
20,100
19,900
19,100
18,800
18,500

StalAge Age
Range
(cal yr BP)
27,400 – 19,600
25,200 – 19,400
23,700 – 19,300
19,200 – 18,900
19,100 – 18,400
19,100 – 18,400

18,300
18,100
17,900
15,900
15,500
15,200

18,700 – 18,200
18,300 – 18,000
18,100 – 17,400
16,000 – 15,700
15,700 – 15,400
15,500 – 14,900

Table 1-2. Elemental data for tufa samples.
Layer ID
A
B
C
D
E
F

Sample ID
1
3
4
6
8
10
11
12

Mg/Ca

Sr/Ca

0.032
0.023
0.026
0.021
0.030
0.042
0.046
0.048

0.0026
0.0023
0.0022
0.0020
0.0030
0.0030
0.0037
0.0028
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Table 1-3. Stable isotope data for tufa samples.
Layer ID

Sample ID

A

1
2
3
3 (replicate)
4
5
6
7
8
8 (replicate)
9
9 (replicate)
10
11
12

B
C
D

E
F

d13Ccarbonate
VPDB
2.3
3.6
3.4
3.4
4.1
3.6
3.0
3.5
3.5
3.5
3.4
3.5
3.8
3.9
3.0

d18Ocarbonate
VPDB
-2.4
-1.9
-2.6
-2.5
-4.1
-3.4
-2.9
-2.9
-2.5
-2.6
-2.5
-2.5
-2.5
-2.5
-2.2
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Table 1-4. Tufa growth rates.
Layer

Age
Range
(yr)

Radius
(cm)

Hemis.
Volume
(cm3)

Cylinder
Volume
(cm3) *

A
B
C
D
E
F

3800
900
700
1800
800
1000

20.4
49.0
70.3
88.6
114.1
143.7

1.8E+04
2.3E+05
4.8E+05
7.3E+05
1.7E+06
3.1E+06

2.6E+05
1.3E+06
1.6E+06
1.8E+06
3.3E+06
4.8E+06

* Assumes 2 m cylinder height
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Linear
Growth
Rate
(cm/yr)
0.005
0.032
0.030
0.010
0.032
0.030

Hemis.
Growth
Rate
(cm3/yr)
5
254
687
405
2068
3103

Cylinder
Growth
Rate
(cm3/yr)
69
1386
2281
1015
4060
4795

Figures

Figure 1-1. Location of the Winnemucca and Pyramid lake basins with topography.
Lower left map shows the extent of Pleistocene Lake Lahontan during the most recent highstand
event (ca 15_5 ka). The right map shows Pyramid Lake bathymetry modified from Harris
(1970); contour interval is 10 m. The blue outline in Winnemucca indicates the shoreline ca
1940, prior to desiccation. Red star denotes location of sample site.
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Figure 1-2. Tufa sample site.
(A) Sample site with locations of core samples (Samples 1 to 12). Major layers (‘A’ to ‘F’)
within the tufa mound are defined by textural changes within the tufa. Dashed lines represent
interpreted layer boundaries. (B) and (C) Aerial photographs obtained from a small unmanned
aerial system (sUAS) at an elevation of 35 ft above ground (~10.7 m), with the sample site
outlined in red and a red arrow pointing to the sampled face as shown in (A). Circular forms in
the image are other tufa mounds present at the site. Note the extent of the tufa outcrop shown in
(C), vehicle is approximately 4.5 m long.
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Figure 1-3. Photomicrographs of WDL-SW tufa thin sections.
(A) Plane polarized light. Microfabric of sample 1, core of tufa mound. Upper half of slide has
been stained with alizarin red to highlight calcite. Framework consists of crystalline calcite
comprising circular pores and zoned calcite crystals (zc) typical of ikaite pseudomorphs. (B) and
(C) Plane polarized light. Zoned calcite crystals shown at higher magnification, also from sample
1. Zoned calcites are bound by micrite or crystalline calcite. Note the lack of clastic material and
pore infill. (D) and (E) Mixed micrite (m) and acicular fan calcite (af) from sample 3 shown in
plane polarized light (D) and cross-polarized light (E). Occasional spherulites (sph) are found
encased in micrite. (F) Plane polarized light. Cluster of zoned calcite crystals encased in micrite
and fan calcite from sample 3. (G) and (H) Shrubby calcite (sh) microfabric from sample 6,
shown in plane polarized light (G) and cross-polarized light (H). These large calcite crystals
make up the dominant fabric of this transitional zone sample. (I) Plane polarized light. Mixed
shrubby calcite and micrite typical of thrombolite sections, also from sample 11. (J) Crosspolarized light. Micrite clot from the outermost thrombolite layer, sample 12. The micrite clots
encase pores with clastic (cl) and carbonate grain infill, occasionally ooids (oo). Rims of micrite
clots have dark brown, possibly organic staining. (K) Plane polarized light. Pore infill from
sample 11 showing clots of micrite, clastic infill (quartz and lithics) and carbonate grains,
primarily ooids and spherulites. Section of slide has been stained with alizarin red for calcite. (L)
Plane polarized light. Mixed micrite and shrubby calcite from thrombolite sample 8, with a
spherulite encased in micrite and some clastic pore infilling.
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Figure 1-4. Radiocarbon ages and StalAge modelled age-distance relationship.
White filled boxes represent the calibrated ages of thinolite samples, and black filled boxes
represent thrombolite samples. Error bars illustrate the calibrated error range. The black line is
the median age calculated from the StalAge model, with the grey dashed lines representing the
95% confidence interval.
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Figure 1-5. (A) Mg/Ca and (B) Sr/Ca time series.
White boxes are thinolite samples, and black boxes are thrombolite samples. Dotted line
represents a loess fitted line through the data. Pearson’s coefficients (r2) and P-values given;
error bars as shown. Both Mg/Ca and Sr/Ca show a decrease during thinolite deposition,
followed by an increase during thrombolite deposition.
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Figure 1-6. Stable isotope time series.
Thinolite samples shown in white squares, thrombolites in black. (A) d18O time series. Dotted
line represents a loess fitted line through the data. Error bars as shown. The d18O values show an
initial decrease of ~2‰, followed by an increase back to near average values. (B) d13C time
series. Dotted line represents a loess fitted line through the data. Error bars are as shown. The
overall trend shows an increase in d13C of ~1.5‰ over time of deposition.
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Figure 1-7. Lake level interpretations and tufa samples from the Winnemucca Dry Lake basin.
Red line shows lake level from Benson et al. (2013), created from tufa ages and elevations in the
Pyramid Lake and Winnemucca Dry Lake basins. Blue line shows the Holocene equivalent
(Benson et al., 1995), based on tufa ages from Pyramid Lake. The blue asterisks indicate dated
Holocene and Late Pleistocene terraces present in both basins (Briggs et al., 2005), which
demonstrate a correspondence with the lake level interpretations. Red circles are tufa samples
from Winnemucca Dry Lake (Benson et al., 2013) and the white and black squares are the tufa
samples from the present study (white = thinolite, black = thrombolite). The spill point from
Pyramid Lake to Winnemucca Dry Lake is at 1177 m a.s.l., and present-day Pyramid Lake level
is ca 1157 m a.s.l. The tufas from this study formed primarily during highstand levels, including
the most recent Lahontan highstand ca 15 500 cal yr BP. The transition from thinolite to
thrombolite occurs during a relative lowstand interval between these two highstand events. Tufa
deposition ceases with the rapid fall in lake level after the Lahontan highstand interval, at which
time the tufa may have been exposed if the lake was desiccated, as has been interpreted by
Benson et al. (2013).
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Figure 1-8. Conceptual model of tufa growth.
(A) Tufa types and morphologies as seen across Winnemucca Dry Lake basin. Groundwaterassociated tufa morphologies include towers and mounds, with morphology and size related to
groundwater flow path. Mounds at sites of more diffuse groundwater flux are lower relief, and
are often observed to accrete into amalgamated structures, as seen in Fig. 2. Thrombolite tufa
accretes at these sites, as well as on the exterior of pipe structures and at higher elevations
removed from sites of groundwater inflow. (B) Conceptual model of the tufa dome in this study,
showing layers and textures. The dome formed over a site of groundwater flux into the basin,
probably an area of more diffuse flow, and formed at or above the sediment–water interface.
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Figure 1-9. Mg/Ca and Sr/Ca of tufa samples.
The two values exhibit a high degree of covariance that likely indicates increasing lake water
temperatures. Black filled squares represent thrombolite tufa samples and white filled squares
represent thinolite samples. Black bars represent analytical error for each sample. Grey dashed
line is the linear best-fit line.
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Figure 1-10. Mg/Ca and Sr/Ca vs. growth rate and lake level.
Mg/Ca and Sr/Ca plotted with volumetric growth rate and lake level elevation (from Benson et
al., 2013). The black filled squares are thrombolite tufa samples, while the white filled squares
are thinolite samples. The grey dashed lines are the linear best-fit lines for each plot. All four
plots show positive covariance.
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Figure 1-11. Groundwater and lake water mixing models.
Mixing models illustrating the evolution of Sr/Ca, temperature, and calcite saturation index in
mixes of groundwater and simulated highstand lake water (data compiled from Benson et al.,
1995, 1996; USGS NWIS database). Models were created using The Geochemist’s Workbench®
(GWB). Black circles are values from each calculated mix, with the dashed grey line
representing the loess fit model for the mixing values. Shaded grey area is the 95% confidence
intervals for the loess fit. Red star indicates the average value of water calculated from the tufa
using the distribution coefficient (DSr), with error bars encompassing a range of potential DSr
values from Olsson et al. (2014).
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Figure 1-12. Carbon and oxygen stable isotopes.
d18O and d13C of tufas from this study (white squares = thinolite, black squares = thrombolite)
and Benson et al. (1996) (grey circles). No covariance is observed between d18O and d13C in
either individual data set, or in the combined data. The isotopic values for the thinolites and
thrombolites in this study correspond to the observed ranges of the Benson et al. (1996) data.
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Figure 1-13. Stable isotope endmember comparison plot.
Stable isotope endmembers, with measured and calculated values for carbonate, paleolake water,
and modern lake, river and hot spring water. (A) d13C endmember values in ‰ VPDB. White
box is measured d13C for carbonates from this study, and the grey box shows the calculated
equilibrium DIC values for those samples (Romanek et al., 1992). Grey bar shows the
potential range of values for Pleistocene lake water DIC (PWLDIC) calculated from atmospheric
carbon equilibrium at temperatures from 5 to 15°C. Dashed bars show the range of reported
values for modern Pyramid Lake (PLDIC), modern hot spring (HSDIC) and modern Truckee
River inflow (TRDIC). Calculated equilibrium values fall between hot spring values and
calculated values for paleolake waters. (B) d18O endmember values in ‰ SMOW. White box is
measured d18O for thinolite carbonates from this study, and the grey box shows the calculated
equilibrium values using a temperature range of 2 to 4°C (Kim & O’Neil, 1997). Light grey bar
illustrates the range of potential estimated d18O values of paleolake water (PWL), while the
dashed bars show the range of reported modern values for Pyramid Lake (PL), hot springs (HS),
and Truckee River inflow (TR). For both d13C and d18O, modern values for Pyramid Lake and
Truckee River are from Benson et al., 1996, and modern values for hot springs are from Benson
et al., 1995.
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Abstract
Carbonate microbialites in lakes can serve as valuable indicators of past environments, so long as
the biogenicity and depositional setting of the microbialite can be accurately determined. Late
Pleistocene to Early Holocene frondose draping tufa deposits from Winnemucca Dry Lake
(Nevada, USA), a subbasin of pluvial Lake Lahontan, were examined in outcrop,
petrographically, and geochemically to determine if microbially-induced precipitation is a
dominant control on deposition. These observations were compared to modern, activelyaccumulating microbialites from Fayetteville Green Lake (New York, USA) using similar
methods. In addition, preserved microbial DNA was extracted from the Lahontan tufa and
sequenced to provide a more complete picture of the microbial communities. Tufas are texturally
and geochemically similar to modern thrombolitic microbialites from Fayetteville Green Lake,
and the stable isotopic composition of organic C, N, inorganic C, and O supports deposition
associated with a lacustrine microbial mat environment dominated by photosynthetic processes.
DNA extraction and sequencing indicate that photosynthetic microbial builders were present
during tufa deposition, primarily Chloroflexi and Proteobacteria with minor abundances of
Cyanobacteria and Acidobacteria. Based on the sequencing results, the depositional environment
of the tufas can be constrained to the photic zone of the lake, contrasting with some previous
interpretations that put tufa formation in deeper waters. Additionally, the presence of a number
of mesothermophilic phyla, including Deinococcus-Thermus, indicate that thermal groundwater
may have played a role in tufa deposition at sites not previously associated with groundwater
influx. The interpretation of frondose tufas as microbially-influenced deposits provides new
context to interpretations of lake level and past environments in the Lahontan lake basins.
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Introduction
Microbialites are organosedimentary structures that form as a result of interactions
between benthic microbial communities and their environment (e.g. Burne and Moore, 1987). In
modern systems, the association between microbes and mineralization can be directly observed;
however, in ancient systems, microbial fossils are rarely preserved (Schopf, 2006) and
interpretation of the role of microbes in the depositional process must be determined using other
observations (Fedorchuk et al., 2016). Textural evidence may indicate microbial influence on the
depositional process, but many non-biological processes can result in similar textures, making
textural definitions ambiguous (Riding, 2011). Constraining the biogenecity of purported
microbialites is thus complex; however, determining whether a deposit is dominantly biogenic
(e.g. a microbialite) or abiogenic in origin lends insight into the depositional process and can
provide perspective for interpreting the geologic history of the location. Because the microbial
processes that result in formation of microbialites are dependent upon external environmental
factors, such as temperature, salinity, and light penetration, microbialites may be robust
paleoenvironmental indicators (Ionescu et al., 2015). If microbes were actively involved in the
depositional process, then information about paleoenvironmental parameters such as water depth,
clarity, temperature, and chemistry may be inferred, especially if information on specific
microbial phyla can be obtained from biomarkers or other evidence preserved in the microbialite.
In carbonate rocks, understanding the biogenic influences on deposition is also important for
accurate interpretation of geochemical and stable isotopic proxies. Studies of modern
microbialite processes, and comparison to ancient systems, can inform and improve these
interpretations by increasing our understanding of the biological influences on microbialite
deposition.
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Lake basins offer particularly useful settings for studying the sedimentation processes
related to modern and ancient microbialites. Modern microbialites occur in a wide variety of
lacustrine basins including rift lakes, volcanic maar lakes, and coastal lakes, and under
geochemical conditions that are highly variable (pH, alkalinity, salinity, [Ca2+]) (Chagas et al.,
2016). Although microbialite depositional environments are diverse, actively accreting
microbialites in modern lakes share similar textural characteristics and are typically associated
with photosynthetic microbial communities such as cyanobacteria and diatoms (Chagas et al.,
2016). Lake sediments, and carbonates in particular, preserve a variety of geochemical proxies
that may be used for reconstruction of lake paleoenvironments (e.g. Yang et al., 2019; Newell et
al., 2017). Modern microbialites have been demonstrated to capture geochemical signals related
to water balance variability in Laguna Negra, Argentina (Buongiorno et al., 2019), and
microbialites from the Great Salt Lake, Utah, have been used to interpret biogeochemical
fluctuations during the Pleistocene (Newell et al., 2017).
Carbonate rocks preserve the geochemical signatures of the waters in which they
precipitate; however, depending on the depositional environment, the signals recorded by the
carbonate minerals may not represent all possible lake environments. Even within a single
carbonate deposit, such as a single stromatolite, variable environmental conditions can produce
significant geochemical shifts in stable isotope and trace element composition (Frantz et al.,
2014). Thus, it is important to relate the specific depositional environment and sedimentary
processes to accurately interpret carbonate geochemical proxies. In lakes, carbonate deposits
typically result from physico-chemical processes, such as mixing of groundwater and lake water;
CO2 degassing from wave action; as a byproduct of microbial respiration and associated effects
on alkalinity; or some combination thereof. Lacustrine carbonates commonly have morphologies
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and textures that are similar to microbialite macro- and mesostructures, but the role of microbes
in the depositional process may be difficult to define.
Porous freshwater carbonate rocks known as tufas are commonly observed deposits in the
Lahontan lake basins of the western United States, in the western part of the Basin and Range
physiographic province. Lacustrine tufas are generally considered to have a significant microbial
component based on their morphology (Ford and Pedley, 1996) and have occasionally been
referred to as “microbialites” in the literature (Arp et al., 1998); however, systematic study of
tufa depositional processes, particularly with respect to microbial influence, in Lahontan basins
is lacking. Lahontan tufa morphologies are diverse and have frequently been used as proxy
records for paleolimnological conditions (e.g. Benson et al., 1996; Petryshyn et al., 2016;
DeMott et al., 2019). For example, thinolite tufas in the Lahontan basins, which are
pseudomorphs of ikaite, have been interpreted as indicators of near-freezing water temperatures
(Shearman et al., 1989). Tubular, or pipe tufas, likely indicate sites of sublacustrine spring
emergence, as interpreted in similar structures at Lake Abhe (Dekov et al., 2014), and exhibit
morphologies similar to deep-sea hydrothermal vents.
Other tufa textures and morphologies, however, are more difficult to interpret. One such
tufa morphology is the frondose or branching tufa (Fig. 1). These outcrops consist of
horizontally-stacked, petal-like lobes of dense tufa with branching thrombolitic mesofabrics (Fig.
1A). The size of individual tufa lobes varies, but the majority are between 20 and 30 cm thick
and are between 40 and 50 cm across. Frondose tufas also crop out as dense shelves, which are
typically the base of the smaller lobes (Fig. 1B). This tufa morphology is observed interlayered
with pipe and thinolite tufas at spring-associated sites but is also the only tufa type observed at
higher elevations and along bedrock escarpments (Benson, 1994). Some Pyramid Lake sites,
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such as Marble Bluff, have extensive deposits of frondose tufa on bedrock cliffs, extending
laterally for several kilometers and vertically as much as 100 m (Benson, 1994). Frondose tufa is
also observed in other Lahontan basins, notably in the Carson Desert subbasin (Morrison, 1964),
and similar stacked branching morphology is also observed in the Walker Lake subbasin
(Petryshyn et al., 2016). The frondose forms are not limited to sites with evidence for springs or
faults, suggesting that structural controls and/or groundwater influx and mixing are not essential
for tufa deposition. In Pyramid Lake, Late Quaternary frondose tufas of the same depositional
age range were deposited simultaneously at different elevations, with as much as 90 m separating
the uppermost and lowermost deposits (Benson et al., 1995). This elevation difference indicates
that water depth and associated wave-agitated degassing may not be significant controls, since
some frondose tufas are much deeper than wave base. Additionally, organic matter content and
composition and possible microbial influence on tufa deposition in the Lahontan basins has not
been previously documented. Accordingly, the biological depositional controls on these tufas,
and the significance for paleoenvironmental interpretations, are ambiguous.
On the basis of the distribution and morphology in the Pyramid and Winnemucca
subbasins of Lake Lahontan we hypothesize that frondose tufas were deposited in association
with microbial mats dominated by cyanobacterial communities, similar to modern microbialites
in other lacustrine systems such as Pavilion Lake (e.g. Theisen et al., 2015) or Fayetteville Green
Lake (Thompson et al., 1990). However, the evidence at the scale of outcrop observation is not
sufficient to definitively classify frondose tufas as strictly microbialites. Other indicators are
necessary to determine if microbes were influencing tufa precipitation processes. Examination of
textural characteristics at the meso- (cm to m) and microscale (mm to nm) lends insight into
depositional processes. Carbonate and organic geochemistry provide information on the nature of
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preserved organic matter in tufa, which can reveal details about paleoenvironmental conditions
during deposition. If organic matter is preserved in tufa, then it may also provide further
constraints on the sources of the organic matter and the microbial community associated with
tufa deposition. Here we present results of a textural and geochemical evaluation of frondose
tufas from Winnemucca Dry Lake (Nevada, USA) using organic and inorganic stable isotope
analysis, and DNA extraction and sequencing. A modern thrombolite depositional analogue in
Fayetteville Green Lake (New York, USA) was chosen for comparison based on the textural and
morphological similarities between the deposits. We compare Quaternary Basin and Range
frondose tufas to these modern, actively accumulating thrombolitic microbialites as a means of
better assessing the formation of the ancient deposits.
Geologic Background
Winnemucca Dry Lake, Nevada, USA
Winnemucca Dry Lake (WDL) is a playa located in the western Basin and Range
Province, Nevada, USA. It is positioned in a N-S elongate half-graben basin and is ~40 km long
and ~6 km wide, with a steep border fault along the eastern margin and a flexural ramp to the
west (Fig. 2A). The Winnemucca basin is one of seven subbasins that filled to form the large
Pleistocene pluvial Lake Lahontan, which covered ~23,000 km2 of western Nevada during its
most recent maximum highstand ~15,500 ybp (Benson et al., 1995). Inflow to the Winnemucca
basin occurs via spillover from adjacent Pyramid Lake, when water levels in Pyramid Lake and
the Truckee River rise above the Mud Lake Slough spillpoint (1177 masl) (Benson et al., 1995).
The Winnemucca basin is a terminal basin with no observed spill point (Reheis, 1999). Lakes
were present in the basin throughout the Pleistocene and into modern times (Reheis, 1999).
Beginning in the 1930s, agricultural diversions of Truckee River flow and construction of State
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Highway 447 resulted in lowered lake levels and desiccation of the Winnemucca basin (Hattori,
1982).
Approximately 250 outcrops of lacustrine carbonate tufas are exposed along the margins
of WDL, with the highest density along the western flexural margin. Tufa outcrops exhibit a
variety of textures and morphologies, including mound, tower, and frondose drapes. Tower and
mound structures (Fig. 2B) are limited in distribution and occur mainly along the slope margin at
sites of groundwater emergence, where deposition occurred primarily due to physico-chemical
mixing between groundwater and lake water (DeMott et al., 2019). By contrast, frondose tufas
(Fig. 2C) are areally and vertically extensive and occur across several basin settings. These tufas
are typically observed as draping structures on hard, high-angle surfaces, including bedrock
outcrops as well as older tufa deposits, such as the tower structures. These draping frondose tufas
have previously been interpreted as formed by wave action along paleoshorelines (Kratt et al.,
2010).
Fayetteville Green Lake, New York, USA
Fayetteville Green Lake (FGL) is a meromictic lake located in central New York (Fig.
3A) that formed as a glacial plunge pool during melting of the Laurentide ice sheet at the end of
the Pleistocene (Muller, 1967). The lake has an area of approximately 0.26 km2, and a maximum
depth of ~52 m (Zerkle et al., 2010). Water flows into the basin from surface water runoff from
nearby meromictic Round Lake, and from groundwater inflows from ~16-18 m water depth
(Brunskill and Ludlam, 1969; Zerkle et al., 2010). A persistent, sharp chemocline is present in
the lake at a water depth between 15 and ~21 m (Havig et al., 2015). This density stratification
occurs as a result of Ca2+ and SO42- rich groundwater influx into the lake below ~18 m water
depth from the gypsum-bearing Silurian Vernon Shale (Hilfinger et al., 2001).
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The water column of FGL is supersaturated with respect to calcium carbonate, and calcite
precipitates both in the water column and along the lake margins at actively accreting
microbialite platforms (Thompson et al., 1990). These thrombolitic microbialites are located at
several sites around the lake, with the largest and most extensive platform at Deadman’s Point,
located on the eastern margin of the lake (Fig. 3B). The microbialites are composed of calcite,
and form as shelves that protrude from the near-vertical lake margin (Thompson et al., 1990) in
water as deep as 13 m (Wilhelm and Hewson, 2012). Accretion of calcite on the thrombolitic
microbialites occurs as a result of cyanobacterial photosynthesis driving calcite supersaturation
(Thompson et al., 1990; Wilhelm and Hewson, 2012; Uveges et al., 2018).
Methods
Tufa samples were collected from two sites on the western flexural margin of WDL (Fig.
2A; Table 1). Three samples of lobate draping tufa on bedrock exposures were collected from
two sites at Falcon Hill (FH), a large outcrop of volcanic rock at the northwest end of WDL, one
from the base of the southern end of the outcrop (1233 masl; FHS) and the other from the
northeast flank (1250 masl; FHN) (Fig. 2C). Four additional samples of draping tufa were
collected from a large tufa tower site in the southwest end of the lake bed (1206 masl; RR site),
where draping tufa is present on the exterior of a large tufa pipe structure (Fig. 2B). Both sample
sites are located on Bureau of Land Management public land, adjacent to the Pyramid Lake
Paiute Reservation.
Tufa lobes were slabbed using clean water, and one half was used for thin section
preparation while the second slab was reserved for subsampling for geochemical analyses. Tufa
was subsampled for radiocarbon age dating, bulk organic carbon content and N and Corg isotopes,
C and O isotopes, and DNA extraction. Samples were crushed with a small sterile
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sledgehammer, and sections of tufa weighing ~100 g were extracted from the interior (5 to 10 cm
from the outer surface), in order to minimize environmental contamination from the weathered
surface. Samples were sonicated in sterile deionized water to remove particulates, then crushed
and powdered using a ball mill. All utensils were cleaned with 10% bleach solution and/or
methanol prior to use. Powders were stored in sterile tubes until analysis.
The remaining slab was cut into billets and petrographic thin sections using blue epoxy
impregnation. Samples of recent thrombolitic microbialites from Fayetteville Green Lake were
obtained in 2017 from three sites around the lake at 1-2 m depths and stored frozen and in the
dark. Samples were dried, and petrographic thin sections prepared using blue epoxy
impregnation. Thin sections were examined using a Leica DM750 polarizing light microscope.
For both FGL and WDL samples, billets were polished and etched in 1% HCl, then gold-coated
prior to analysis using scanning electron microscopy (SEM), conducted using a JEOL JSMIT100LA Scanning Electron Microscope at the State University of New York College of
Environmental Science and Forestry.
Radiocarbon ages were determined for three organic carbon residue samples and seven
crushed and homogenized carbonate samples. Organic carbon residual samples were prepared by
decarbonating ~15 g of powdered tufa with 3N HCl, then rinsing the residual with deionized
water until neutral pH was obtained; this method was selected due to the relatively large sample
sizes required to obtain sufficient residual material for analysis. Samples were then freeze-dried
and stored in sterile, acid-cleaned glass vials until analysis via accelerator mass spectrometry
(AMS) radiocarbon dating by DirectAMS Radiocarbon Dating Service. Ages were calibrated
using the CALIB14C Calibration Program (Stuiver et al., 2019) with the IntCal13 database and
are reported in calibrated years BP with 1 sigma errors (Table 2).
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Stable isotope compositions (d13Corg, d15N, d13Ccarb, and d18O) and organic C:N were
analyzed at the Stable Isotope Laboratory at the University of Miami’s Rosenstiel School of
Marine and Atmospheric Sciences. The organic fraction was measured on residual material
obtained after decarbonating tufa powders in 3N HCl and rinsing with deionized water until
neutral pH was obtained. Residuals were freeze-dried and stored in sterile tubes until analysis as
described by Oehlert and Swart (2014). Reported precision of analyses is ±0.1‰ for stable
isotopes and ±1.5% for organic C and N content, as indicated by the standard deviation of
glycine internal standard replicates (12 standards for every 36 samples analyzed, with two
standards run for every 10 samples (Oehlert and Swart, 2014)). For organic content, the
concentrations were determined by establishing a calibration line relating the peak area to the
known weight of carbon from the glycine internal standard (Oehlert and Swart, 2014). The
percent reported for the residual was normalized to the weight of the initial tufa powder sample
to obtain a percentage for the tufa. Tufa powders for inorganic isotopic analysis were stored in
acid-cleaned glass vials until analysis. Samples were analyzed using a common acid bath on a
Finnigan-MAT 251 mass spectrometer and corrected for the usual isobaric interferences (Swart
and Eberli, 2005). Analytical precision for this method is reported as ±0.08‰ based on repeated
analyses of internal standards (Swart and Eberli, 2005).
Subsamples from WDL tufas for DNA extraction were wiped with 10% bleach solution
as an additional decontamination step prior to crushing with the ball mill. To extract DNA from
the powdered samples, ~10 g of powdered carbonate was digested overnight at 37°C in a
solution of 0.5 M ethylenediaminetetraacetic acid, 10% sodium dodecyl sulfate and 1.0 mg/mL
proteinase K. DNA was extracted from the digests using Qiagen DNeasy PowerMax soil
extraction kits following manufacturer’s protocol. Multiple extractions from the same sample
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were pooled to obtain a sufficient mass of DNA. Pooled DNA was then concentrated by
reprecipitating in ethanol and resuspension in an appropriate volume of 10 mM Tris-HCl. DNA
was submitted to the University of Wisconsin-Madison Biotechnology Sequencing Center for
Illumina MiSeq 2x300 paired end sequencing of the V4 region of the 16 rRNA gene. Sequencing
data was processed using The Quantitative Insights into Microbial Ecology (QIIME) pipeline
version 1.9.1 (Caporaso et al., 2010). Raw reads were quality filtered to remove low quality and
ambiguous sequences using default parameters. Paired ends were joined using SeqPrep.
Chimeric sequences were identified using de novo and reference based detection using UCHIME
(Edgar et al., 2011) and the SILVA ribosomal RNA database (Quast et al., 2013) and discarded.
Operational taxonomic units (OTUs) were identified by de novo clustering (0.97 threshold) using
USEARCH (Edgar, 2010). Taxonomy was assigned to OTUs a via alignment against the SILVA
database using UCLUST (Edgar, 2010). This Targeted Locus Study project has been deposited at
DDBJ/EMBL/GenBank under the accession KCRH00000000. The version described in this
paper is the first version, KCRH01000000.
Results
Textural characteristics: Winnemucca Dry Lake
Outcrops of draping frondose tufa at WDL typically consist of stacked horizontal layers
of sub-meter scale lobes, which are commonly weathered to expose the interior of the lobe,
creating a shelf-like appearance (Fig. 1). The tufa lobes have a nodular exterior texture (Fig. 4A),
where the nodules form from centimeter-scale dendritic branches that diverge from a surface or
central point (Fig. 4B). Vuggy porosity is present throughout. The large lobes commonly consist
of multiple amalgamated smaller lobes that have a thrombolitic mesofabric, and lobes commonly
have centimeter-scale laminated knobs at the base (Fig. 4B).
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In thin section and SEM, the frondose tufa texture is dominated by a mixed micritic and
shrubby calcite microfabric that lacks any pattern or preferred orientation (Fig. 4C and D). In
plane polarized light, pores are often infilled or lined with clear sparry calcite, which appears as
larger-scale shrubby calcite in cross-polarized light (Fig. 4E). Optical porosity of WDL tufas
ranges from 16.0% to 43.4% (mean = 25.3, n = 15). Some pores also contain calcite-cemented
siliciclastic grains, typically silt to clay-sized. Pore infills also rarely contain minor carbonate
grains such as ostracod fragments or micritized ooids. In SEM, rare diatom frustule molds are
observed within the calcite matrix (Fig. 4F). Within the frondose tufas, large (0.5 to 1 mm)
reworked calcite spherulites are frequently observed, both in pore spaces and within the micritic
matrix (Fig. 4C). In the laminated sections, the laminae are composed of micritic calcite, with the
individual laminae distinguished largely by differences in porosity, rather than in crystal type,
size, or texture. Scanning electron microscopy reveals significant microporosity (micron-sized
pores) throughout the micrite and shrubby calcite (Fig. 4D), and rare endolithic borings.
Textural Characteristics: Fayetteville Green Lake
The thrombolitic microbialites at FGL consist of lobate shelves that protrude from the
margins of the lake. The outcrops are frequently colonized by aquatic mosses and freshwater
sponges at depth (Thompson et al., 1990). The exteriors of the microbialite accumulations have a
nodular texture (Fig. 5A), and carbonate mud accumulates on the surfaces of the shelves. Smaller
centimeter-scale lobe-shaped microbialites are observed at depth along the lake bottom slope
(Thompson et al., 1990). Samples of fresh microbialite from the outermost layers are highly
porous and friable, containing vuggy porosity. The interior has an upward-branching
thrombolitic mesofabric (Fig. 5B). The outermost layer is frequently green in color due to the
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presence of cyanobacteria and benthic diatoms (Uveges et al., 2018), and the interior has brown
organic staining throughout.
In thin section and SEM, FGL microbialites have a microfabric of mixed micrite and
shrubby crystalline calcite (Fig. 5C and D). Micritic laminations are common throughout (Fig.
5E); these laminations are less visible at the hand sample scale, and laminae are distinguished by
trapped organic matter between layers, as was also observed by Dean and Eggleston (1985).
Dark brown traces of organic matter are common along the outermost edges of the samples and
trapped within the matrix. Fresh FGL microbialites are highly porous, with optical porosity of
59.6% to 83.4% (mean = 73.2%, n = 6). Large pores are frequently infilled by larger (50 to 100
µm) calcite crystals (Fig. 5C and D). Scanning electron microscopy reveals microporosity
throughout the micrite and crystalline matrix (Fig. 5F). While filament traces are occasionally
visible in thin section, there was a notable lack of visible microbial filaments or coccoid cells
visible with SEM.
Radiocarbon ages
Radiocarbon age ranges from the WDL tufa samples show that the different tufa sample
sites were deposited during different time intervals from the Late Pleistocene to the Early
Holocene (Table 2). Radiocarbon ages of calcium carbonate in Lahontan deposits may be
inaccurate due to the reservoir effect (low initial 14C/C ratios in lake water or from groundwater
influx) or by addition of modern carbon during diagenesis (Benson, 1993). In order to minimize
the potential inaccuracy of age dates from the reservoir effect, age dating of the organic residual
fraction preserved in the carbonate may be used to provide a more accurate age date (Newell et
al., 2017; Ghinassi et al., 2012; Brook et al., 2011). In one sample from each site, both the
organic C and carbonate were measured in order to evaluate the potential discrepancy between
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these dates (Brook et al., 2011). In each case, the carbonate age was older than the organic C age,
although the difference varied between sites; Brook et al. (2011) also observed that carbonate
ages were consistently much older than organic residual ages. The range of ages from the
carbonate fraction is consistent with the ages from Lahontan carbonates reported by Benson et al.
(1995); however, they did not report ages from organic residuals and samples from the
Winnemucca basin are limited. The oldest tufa samples are from the RR site, which is interpreted
as a spring-associated depositional site. Radiocarbon ages for four carbonate samples (RR1,
RR5, RR6, and RR7) range from a median value of 18,520 cal yr BP (RR6) to 20,120 cal yr BP
(RR1). The organic C median age for sample RR1 (17,000 cal yr BP) is ~3000 years younger
than the median age for the carbonate from that sample. From the FH sites, samples were
collected from two different elevations, which yield different age ranges. Two carbonate ages
and one organic C age were obtained from the lower elevation site, while one carbonate and one
organic C age were obtained from the higher elevation site. The lower elevation site was older
than the higher elevation site, and age ranges from this site overlap one another (median values
of 14,730, 15,130, and 14,710 cal yr BP). The organic C age from this site (FHS1-org) is 400
years younger than the carbonate age from the same sample. The high elevation site has the
youngest radiocarbon ages of the sampled locations. At this site, the median age for the organic
C (FHN1-org; 9,480 cal yr BP) is ~4,000 years younger than the median age for the carbonate
(FHN1; 13,490 cal yr BP). Given these discrepancies in carbonate and organic ages, the organic
residual ages will be used as the primary age dates considered in interpretation.
Stable isotope and organic matter compositions
Winnemucca Dry Lake tufas generally exhibit low organic matter content (Table 3).
Total organic carbon (TOC) of tufas ranges from 0.04% to 0.25% (mean = 0.08%), and total
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nitrogen (TN) ranges from 0.003% to 0.025% (mean = 0.008%) (Table 3). TOC and TN show a
strong positive correlation (Pearson’s r2 = 0.98, p-value = <0.001); however, no variation is
observed between the two sample sites (Fig. 6A). Organic C:N values range from 9.5 to 15.5
(mean = 12.7) (Table 3). The mean C:N value of the FH samples (13.7) is higher than that of RR
samples (11.9), but this difference is not statistically significant.
The stable carbon isotopic composition of the organic matter ranges from -25.3 to 20.8‰ (d13Corg VPDB), with a mean value of -23.3‰ (s2 = 1.23) (Table 3). Results from the
spring-associated sites indicate significantly higher d13Corg values (mean = -22.6‰, s2 = 1.12,
range = -25.3 to -23.1‰) than the shoreline-associated sites (mean = -24.1‰, s2 = 0.86, range =
-24.0 to -20.8‰; Mann-Whitney Rank Sum test, p-value = 0.01). The d15N ranges from 4.6 to
8.9‰ (AIR), with a mean value of 6.3‰ (Table 3). The d15N values negatively correlate with
C:N (Fig. 6B; Pearson’s r2 = 0.62, p-value = 0.008), and positively correlate with TN, although
this relationship is not statistically significant. Site to site variation in d15N is observed, with the
FHN site having an average d15N value of 8.5‰ (8.1-8.9‰ range, n = 2), the FHS site an
average value of 5.6‰ (4.6 – 6.8‰ range, n = 6), and the RR site an average value of 6.3‰ (5.3
– 7.6‰ range n = 9).
Results from the inorganic (carbonate) fraction of the tufa show less variability in
isotopic composition. The d13Ccarb ranges from 3.4 to 4.0‰ (VPDB), with a mean value of 3.7‰
(Table 3); no variation with respect to site type is observed. The d13Ccarb positively correlates
with TOC (Pearson’s r2 = 0.50, p-value = 0.04) and TN (Pearson’s r2 = 0.50, p-value = 0.04).
The d18O ranges from -2.5 to -1.5‰ (VPDB), with a mean value of -1.9‰ (Table 3). There is a
strong positive correlation between d18O and d13Ccarb (Fig. 6C; Pearson’s r2 = 0.87, p-value
<0.001).
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DNA sequencing
Five tufa samples yielded quantities of DNA suitable for construction of a 16S rRNA
library and high-throughput sequencing. Twenty different phyla are represented between the five
samples. All five samples contain DNA sequences from Actinobacteria, Chloroflexi,
Proteobacteria, Firmicutes, and Bacteriodetes. In four of the five samples, Actinobacteria have
the highest relative abundance (Fig. 7), dominated by the order Actinomycetales. These four
samples also have high relative abundances of Chloroflexi and Proteobacteria. One of these
samples also contains a high relative abundance of Cyanobacteria (sample FHS2), which is
present in the other samples but at very low relative abundance. The fifth sample (RR5) is
strongly dominated by the phylum Firmicutes (79% relative abundance), primarily represented
by the genus Bacillus. The only other phylum with high relative abundance in this sample is
Proteobacteria. Four of the five samples also contain Deinococcus-Thermus at relative
abundances of 1% or higher. Sample FHN1 also contains Planctomycetes and Acidobacteria at
relative abundances higher than 1%. All other phyla identified in these samples are present at
relative abundances less than 1%.
Discussion
Textural comparison of Fayetteville Green Lake microbialites and Pleistocene tufas
The thrombolitic reefs at FGL have long been known to form in association with
microbial communities. Bradley (1929) offered one of the earliest descriptions of the deposits
and showed that the spongy carbonate was precipitated around dense cyanobacterial mats, which
he interpreted as the major contributor to the thrombolite texture. More recent work examining
the FGL thrombolites confirmed that cyanobacteria are the major influence on thrombolite
deposition via the following mechanisms: providing a biofilm and filament framework; initiating
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precipitation of calcite via photosynthesis; and trapping and binding carbonate sediments
produced in the water column and/or by Chara macrophytes (Dean and Eggleston, 1985;
Thompson et al., 1990). Textural features of FGL thrombolites interpreted as microbial in origin
include laminations, trapped organic matter and organic staining, and occasional preserved
microbial filaments and coccoid cells (Dean and Eggleston, 1985; Thompson et al., 1990).
A number of striking textural similarities at the meso- and micro-scale exist between
WDL tufas and FGL thrombolitic microbialites. Both carbonate deposits are lobate shelves with
nodular exterior textures, that exhibit branching characteristics in the interior of the lobes. Both
deposits are dominated by mixed micrite and shrubby crystalline calcite microfabric that is
highly porous, with centimeter-scale vuggy porosity (Figs. 4 and 5); however, the tufas from
WDL are denser and less porous than FGL microbialites, likely because the FGL microbialites
are from freshly deposited surface samples that have not yet fully lithified. SEM imaging shows
that both WDL and FGL samples have extensive microporosity throughout both shrubby and
micritic calcite. Microporosity of this nature forms as a result of precipitation of calcite around
microbial cells and subsequent decay of the organic matter (Bosak et al., 2004; Chafetz, 2013),
which indicates a microbial component in WDL and FGL tufas. Shrubby calcite has also been
shown to be associated with biogenic influence (Chafetz and Guidry, 1999). Both samples show
pore infilling with larger calcite crystals (Figs. 4E, 5C and D). The WDL tufas tend to have a
greater degree of crystalline pore infill and have more trapped siliciclastic sediment bound up in
pores than exhibited in the FGL microbialites.
Laminations are present in both deposits but are more commonly observed in FGL
thrombolites. In FGL samples, laminae occur close to the edge of pores (Fig. 4E) and are more
common at the top of the sample, whereas laminae in WDL samples are typically present as
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small knobby features at the base or center of the lobe (Fig. 4B). Laminations in both have
similar micritic textures and are defined by variations in porosity rather than changing
microfabric. Laminae in both FGL and WDL samples are typically wavy and non-isopachous,
characteristics associated with microbial influence on precipitation (Fedorchuk et al., 2016).
Brown coloration along laminae and edges of pores is present in both samples and is interpreted
as organic staining and/or trapped algal material (Dean and Eggleston, 1985). These organic rich
layers may not preserve well; decay of organic matter from organic-rich laminae would result in
greater porosity in those laminae. This could explain why porosity differences define laminae,
rather than changes in crystal form.
Both FGL microbialites and WDL tufas contain occasional ostracod shell fragments in
pore spaces. The WDL tufas also contain molds of diatoms (Fig. 4F), which were not observed
in the FGL microbialites, although diatoms have been previously observed in FGL microbialites
and linked to trapping and binding of carbonate sediment (Dean and Eggleston, 1985; Thompson
et al., 1990; Wilhelm and Hewson, 2012). Notably, the WDL tufas contain large, millimeterscale, reworked spherulites, which are absent from FGL microbialites. Spherulites form around a
central nucleus consisting of bacterial fossils and are interpreted as biogenic in origin (Chafetz et
al., 2018). The spherulites in WDL tufas are typically amalgamations of several spherulites,
indicating reworking of the sediments by shoreline processes (Fig. 4C).
Although the textures of FGL and WDL carbonates do not show direct evidence of microbial
mineralization, the two sites are remarkably consistent with one another at both the macro- and
micro-scale. Given that the FGL thrombolites are biogenic, this consistency suggests a similar
biogenic origin for the WDL thrombolitic tufas. However, given the ambiguity of the textural
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evidence from both sites, classifying the WDL tufas as microbial requires further evidence
beyond textural comparison.
Isotopic composition of Pleistocene tufas and implications for depositional environment
During the time of WDL tufa deposition, the d13C of atmospheric CO2 ranged between ~7.0 and -6.3‰ (VPDB) (Marino et al., 1992). Assuming that Pleistocene/Holocene lake water
dissolved inorganic carbon (DIC) was in isotopic equilibrium with atmospheric CO2 (Benson et
al., 1996), then the d13CDIC can be calculated using the temperature-dependent equation of Mook
et al. (1974):
10! #$%"#! →%"#"# = '9.552 ×

&'"
($

- − 24.10 (1)

where water temperature (Tw) is in K. Using a water temperature range of 5-15˚C, a potential
range of d13CDIC is 2.0 to 3.9‰ (Fig. 8). Carbonate precipitated from Pleistocene-Holocene lake
waters would have an equilibrium d13Ccarb range of 4.0 to 5.9‰ (Romanek et al., 1992). The
measured values of d13Ccarb for the WDL tufas are between 3.4 to 4.0‰, which is slightly more
negative than the calculated equilibrium values. This difference may be due to influx of
groundwater with more depleted values of d13CDIC at the tufa deposition site; groundwater in the
region typically has d13CDIC values of -5‰ or less (Benson et al., 1995). Values of d13Corg are
approximately 27‰ more negative than the carbonate values, which is consistent with the
fractionation associated with carbon fixation by photoautotrophic bacteria using the Calvin cycle
(Sumner, 2001). Thus, the carbon isotopic compositions appear to support an interpretation of a
groundwater-influenced lacustrine system associated with a microbial community dominated by
photosynthesis, similar to the depositional system of modern microbialites in Pavilion Lake
(Brady et al., 2009).
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The isotopic composition of organic matter preserved in the tufa is consistent with in-lake
production of organic matter; however, some variation is observed from site to site. A 1.5‰
difference in d13Corg was observed between sites interpreted as “shoreline” (mean = -24.1‰)
versus sites interpreted as “spring-associated” (mean = -22.6‰). The sites examined have
different ages, and the observed difference in d13Corg between sites could be reflective of
variation in the carbon pool over time; however, there is no difference in the d13Ccarb between
these sites, suggesting that secular variation did not affect the inorganic carbon pool. Differences
in the contribution of groundwater could also affect the d13Corg values. Groundwater DIC in the
region typically has more negative d13C values than lake water or meteoric water (Benson et al.,
1995; Benson et al., 1996). However, the spring-associated sites in this study have more positive
d13Corg values than the shoreline sites, so this hypothesis cannot explain the observed data.
Another explanation for this variation could be differences in rates of photosynthesis between
sites, or differences in the microbial communities present at the different sites. Microbial mats
that contain both Chloroflexi and cyanobacteria can have d13Corg values that are more positive
than mats that only contain cyanobacteria (van der Meer et al., 2000); thus, differences in the
proportions of Chloroflexi to cyanobacteria could explain the difference. Deeper water, springassociated sites could potentially have more Chloroflexi due to having lower levels of light
penetration.
Photosynthetic uptake rates, along with diffusion rates of CO2 into microbial mats, can
also affect the d13Corg. High rates of photosynthesis that consume more of the diffused CO2 in the
mat can lead to higher d13Corg values, whereas high rates of CO2 diffusion into and out of the mat
can lead to values closer to the maximum fractionation expected from photosynthesis (Des
Marais et al., 1989). In the shallow shoreline tufa sites, the d13Corg values are between 26.6 and
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29‰ lower than the carbonate values, whereas in the deeper spring-associated site, the d13Corg
values are 24.3 to 27.5‰ lower than the carbonates. This may indicate that the shallower sites
have higher rates of diffusion of CO2 into the mat, along with high rates of photosynthesis, which
drive the d13Corg value toward the maximum fractionation. Photosynthetic uptake of CO2 would
also result in enrichment of the DIC in the microenvironment, which leads to an enrichment of
precipitated carbonate minerals, which can be considered a biosignature (Brady et al., 2010). For
example, ~3-5‰ enrichment in the d13Ccarb of FGL surface thrombolite with respect to DIC has
been observed (Chagas et al., 2016; Shields, 2017). However, as previously stated, there is no
observed enrichment in d13Ccarb with respect to predicted equilibrium values; in fact, a slight
depletion is observed across both sites (Fig. 8). This depletion could be due to isotopic buffering
from high DIC concentrations; however, in a highstand lake, DIC would not be significantly
evaporatively concentrated, although high DIC could be contributed from groundwater. If
groundwater were the primary source of DIC in the microenvironment, then the d13Ccarb would
be enriched with respect to equilibrium values; however, the d18O values suggest that
groundwater influx was minor, as discussed below. Depletion in d13Ccarb, combined with
enrichment in the organic matter, can be considered as indicative of heterotrophic contributions
to carbonate precipitation (Brady et al., 2010). Thus, it may be that the differences in organic
matter d13Corg observed between sites represents a higher degree of heterotrophic input, or
anoxygenic photosynthesis from Chloroflexi, at the deeper water sites. In either case, the
departures from expected equilibrium values are relatively small, though measurable outside of
analytical error, and likely represent only minor differences in the composition of the microbial
community between sites.
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The stable nitrogen isotopic composition of the tufas is consistent with a nitrogen cycle
dominated by lake biogeochemical processes. Cyanobacteria often have d15N values near the
atmospheric N2 value of 0‰, when they are actively fixing nitrogen (Bauersachs et al., 2009). If
cyanobacteria are instead using available dissolved inorganic nitrogen (DIN; nitrate or
ammonium) as their nitrogen source, they, along with other aquatic photosynthesizers, have d15N
values ranging from +2 – +14‰, with that range in d15N reflecting the influence of nitrogen
cycle processes such as nitrification and denitrification on the d15N of DIN (Bauersachs et al.,
2009; Talbot, 2001). The site to site differences in d15N likely reflect variation in the isotopic
composition of the source of DIN or changes in nitrogen cycling within the lake or microbial
community over time. The FHN site, which has the highest d15N, is also the youngest site, and
the only site dated to the Holocene. Warmer climate during the Holocene could potentially have
altered the biogeochemical cycling of nitrogen within the lake or microbialite communities
resulting in a stronger signal from water column nitrate reduction. In general, the d15N values of
the WDL tufas are consistent with organic matter produced in a lacustrine, aquatic environment
(Talbot, 2001), such as that observed in Fayetteville Green Lake (Shields, 2017) and in recent
and modern microbialites from Great Salt Lake (Newell et al., 2017).
The carbonate stable isotopes of oxygen and carbon show strong positive correlation
(Fig. 6C). This trend is observed for spring-associated tufa, shoreline tufa, and the data set as a
whole. This type of positive trend in lacustrine carbonates is typically interpreted as indicative of
closed basin conditions (Talbot, 1990). The Winnemucca basin is closed at elevations below
~1400 masl, which is well above the Pleistocene Lahontan highstand level of about 1338 masl
(Adams and Rhodes, 2019); accordingly, an isotopic signature indicating a closed basin system
is reasonable. DeMott et al. (2019) demonstrated that spring-associated tufas in the Winnemucca
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basin had an isotopic signature consistent with mixing of groundwater and lake water, where
equilibrium values calculated from carbonate values were lower than predicted values of
Pleistocene lake waters; the calculated equilibrium values of d13C (1.4 to 2.0‰ VPDB) and d18O
(-34.0 to -30.8‰ VPDB) of the tufas in the present study, however, fall mostly within the
predicted range of Pleistocene lake water values for that depositional period, rather than
indicating a mixing zone (modeled lake equilibrium d18O range of -31.9 to -26.7‰ VPDB;
Hostetler and Benson, 1994). Thus, while groundwater influx has been shown to alter the d13Ccarb
and d18O of spring-associated tufas, resulting in non-correlation of these values (DeMott et al.,
2019; Rosen et al., 2004), it does not appear to have any significant effect on the relationship
between d13Ccarb and d18O at the spring-associated WDL tufa sites in this study, possibly
indicating that groundwater influx at this site was a minor influence at the time of deposition.
The correlation of d13C and d18O at these sites could indicate that evaporation or degassing of
CO2 from the system also played a role in the deposition of the tufas; however, given that some
sites are interpreted to have formed in relatively deep water, this was likely a minor component
of the depositional process.
Microbial community composition and implications for tufa depositional processes
Microbial communities associated with the deposition of carbonates contain a variety of
microbe species, not all of which are directly responsible for carbonate precipitation. These mat
communities contain varying degrees of “builders”, “tenants”, and “squatters” (Petryshyn et al.,
2018). Builders are microbes that are directly involved with the precipitation process. These
microbes may form mats that trap and bind sediments that build microbialites or may induce
precipitation of carbonate via the microbial alkalinity engine (Dupraz et al., 2011). Examples of
builders include oxygenic photosynthesizers such as cyanobacteria and green algae; anoxygenic
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photosynthesizers, such as green non-sulfur bacteria (Chloroflexi); purple and green sulfur
bacteria; and sulfate-reducing bacteria (Dupraz et al., 2009). The tenant and squatter
communities do not directly affect the mineralization process but may comprise a large
percentage of the microbial biomass preserved in a given microbialite (Petryshyn et al., 2018).
In most modern lacustrine microbialite studies of microbial mat communities, the
dominant builders in the system are cyanobacteria (e.g. Breitbart et al., 2009; Brady et al., 2014).
Green algae and aquatic macrophytes, such as Chara species, have also been shown to contribute
to carbonate sedimentation in these environments. The uptake of CO2 from water during
photosynthesis increases the alkalinity within the mat, leading to precipitation of carbonate
minerals. In the WDL tufas, 4 of the 5 analyzed samples contain DNA from cyanobacteria and/or
green algae (Fig. 9). However, only one sample has a significantly high relative abundance of
this phyla (sample FHS2, 16% relative abundance). This sample contains DNA from the
cyanobacterial orders Nostocales and Chroococcales, which are common lacustrine
cyanobacteria that can also be found in soils, or as symbiotes with lichen (Honegger, 2012).
Members of these orders have been found in association with modern biofilms at adjacent
Pyramid Lake (Arp et al., 1999), and were the dominant cyanobacterial members found in
present day active microbialites in the Cuatro Ciénegas lakes (Breitbart et al., 2009). Far more
abundant within the WDL tufas are microbes classified as anoxygenic photosynthesizers, which
do not produce oxygen as a photosynthetic by-product, but which may be either aerobic or
anaerobic. Anoxygenic photosynthesis is known to occur in members of the phyla
Proteobacteria, Chlorobi, Chloroflexi, Acidobacteria, and Firmicutes (specifically, members of
the family Heliobacteriaceae) (Madigan et al., 2012; Bryant et al., 2007). All analyzed samples
of WDL tufa contain significant relative proportions of anoxygenic photosynthesizers from three
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of these phyla (Fig. 9). While the Chloroflexi have the highest relative abundances,
Alphaproteobacteria (o. Rhodobacterales, o. Rhodospirallales, o. Sphingomonodales),
Gammaproteobacteria (g. Chromatiales), and Acidobacteria (c. Chloracidobacterium) are all
identified in the tufa samples. While cyanobacteria have often been considered to be the
dominant builders of microbial mats, Ley et al. (2006) demonstrated that Chloroflexi may also
form the bulk of the biomass in some mat systems, and Johnson et al. (2018) found low
abundances of Cyanobacteria, but high abundances of Proteobacteria, in microbialites of
Laguna Bacalar. Non-cyanobacterial builders have also been documented in microbialite
communities in Pavilion Lake (Russell et al., 2014), Great Salt Lake (Lindsay et al., 2017) and
Cuatro Ciénegas (Breitbart et al., 2009). Sulfate reducers, which have been found to play a role
in microbialite formation in some systems (e.g. Breitbart et al., 2009; Baumgartner et al., 2009),
are essentially absent from the DNA sequencing results, with the exception of a very small
relative abundance (0.03%, FHN1) of the order Synthrophobacterales in one sample. Sulfate
concentrations in modern Pyramid Lake and regional hot springs are around 300 – 500 ppm
(Benson et al., 1995; 1996), but sulfate in the Truckee River influx is very low, around 3 ppm
(Benson et al., 1996). The lake at highstand, during tufa formation, may have accordingly had
much lower sulfate concentrations and therefore fewer sulfate-reducing bacteria. The
microbialites of Pavilion Lake also had low abundances of sulfate reducing phyla, indicating that
sulfate reducers were an important component of the system, but likely not the critical
microbialite builder (Russell et al., 2014).
Builder microbial communities, in general, comprise between 45% to 0.2% of the total
relative abundance of each of the five analyzed samples (45% in FHN1; 35% in FHS1; 27% in
FHS2; 20% in RR1; 0.2% in RR5). The extremely low abundance of builders in sample RR5
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may be due to some preservation bias and/or possible contamination of that sample. RR5 is
dominated by the phylum Firmicutes (79% relative abundance), and in particular the genus
Bacillus (45% relative abundance); these microbes are spore-forming and are known to have
higher preservation potential than other microbes (Kennedy et al., 1994) and have high relative
abundances in the sample. Thus, sample RR5 may be less representative of the original microbial
community than the other samples. This sample may also simply represent a different microbial
community, given the sample location. Sample RR5 was collected from the bottom of a large
tufa lobe, whereas the other samples were collected from the top or middle sections of lobes.
Since the sample was taken from the bottom, and would have been less exposed to sunlight, the
lack of builders may reflect a lack of light penetration to that section of the tufa lobe.
In addition to photosynthetic builders, WDL tufa DNA sequences also contain other
phyla and genera observed in modern microbialite-forming mat environments. All of the samples
contained DNA from genera from the order Rhizobiales, which are nitrogen-fixing bacteria that
have been documented in microbialites from freshwater (Pavilion Lake; Russell et al., 2014),
marine (Highborne Cay, Bahamas; Havemann & Foster, 2008), and hypersaline (Kiritimati
ponds, Arp et al., 2012) environments. These bacteria are commonly found as symbionts with
plant roots (Madigan et al., 2012), but are also found in microbial mats, where they may be
important contributors to nitrogen fixation within the mat community (Havemann & Foster,
2008). Four samples contained measurable abundances of Planctomycetes. The two genera of
Planctomycetes found in WDL tufas (Gemmata and Planctomyces) are aerobic
chemoheterotrophs primarily found in aquatic environments, both marine and freshwater
(Chouari et al., 2003). This phylum was observed to be one of the major mat-forming
contributors in the Cuatro Ciénegas microbialites (Breitbart et al., 2009). Planctomycetes has
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also been observed in other studies of both lacustrine and marine microbialites, including
Pavilion Lake microbialites (Russell et al., 2014), Shark Bay stromatolites (Burns et al., 2004),
and Bahamian stromatolites (Baumgartner et al., 2009). One sample (FHN1) contains trace
abundances of Nitrospirae, nitrogen oxidizing bacteria, which were found in higher abundances
in Pavilion Lake microbialites (Russell et al., 2014). Overall, the microbial community
represented in the DNA analysis of WDL tufas is quite similar to microbial communities
observed in modern microbial mats, including those that are actively forming microbialites.
Frondose tufa deposition and the lacustrine paleoenvironment
Water depth and clarity
Textural, geochemical, and DNA evidence are consistent with a biogenically-influenced
origin for WDL tufas. This interpretation has implications for reconstruction of lake basin
history, particularly with respect to the lake depth. The DNA and geochemical evidence suggest
a microbial community that contains a large number of photosynthesizing microbes, particularly
members of the Chloroflexi. Photosynthetic microbes have been found in relatively deep-water
lacustrine environments, such as the active microbialites at 45 m water depth in Pavilion Lake
(Russell et al., 2014). However, water clarity in Pavilion Lake is high, allowing for light
penetration in deeper water; photosynthetically active radiation (PAR) in Pavilion Lake was
measured at 0.1% of surface irradiance at 55 m depth (Lim et al., 2009). Microbialite domes at
Lake Van have been found at deeper water depths (up to 130 m), but it is unknown if the
microbialites are actively accumulating at that depth (Cukur et al., 2015). A simpler
interpretation is that if WDL tufas were formed through the influence of microbial
photosynthesis, then the tufas formed within the euphotic zone, either in relatively shallow
depths or in clear waters that allow for deeper light penetration.
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Pyramid and Winnemucca lake levels from the Late Pleistocene through the Holocene
have been estimated from dated geologic materials, including tufa, beach sediments from
terraces and ridges, packrat middens, mollusc shells, plant material, and archaeological materials
(Adams and Rhodes, 2019). The WDL tufas in this study are compared to this lake level curve to
examine approximate lake water depths at which tufa may have been forming (Fig. 10). In the
case of the spring-associated tufa (RR), the lake level curve places the tufa in water depths of
~50 m, which is relatively deep, but within observed depths of other active microbialite systems,
such as Pavilion Lake (Lim et al., 2009). While one of our shoreline deposits fits well with a
shallow lake level interpretation (FHS), the other sample (FHN) would have formed above the
interpreted lake level. However, the date of the FHN sample lies within a time period that lacks
other age dates; given the uncertainty in constructing the lake level curve, this data point
suggests that lake level may have been much higher during this interval. More samples from this
area and these elevations would help to further constrain the lake level curve.
There are some differences between the shoreline tufa (FH sites) and spring-associated
tufa (RR site) that may indicate a deeper water depth for the spring-associated tufas. Laminations
are more commonly observed at the RR site than at the FH sites and tend to be present as largerscale features than the small, cm-scale knobs common at FH. This may indicate that the
environment was lower energy or below wave influence. In contrast, spherulites are more
commonly observed at the FH sites than at the RR site. Spherulites have been observed in
numerous depositional settings, including in the orifices of spring pinnacles in Lake Van
microbialites (López-García et al., 2005); however, since spherulites all show signs of
reworking, this may imply that FH sites are dominated by wave action and other shoreline
processes than the RR sites. RR sites also had lower relative abundances of builders in DNA
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sequences than FH sites. A similar trend of decreasing builder abundance with depth was also
seen in Pavilion Lake microbialites (Russell et al., 2014). However, both sites contain the same
textural features, implying a similarity in depositional processes, regardless of water depth.
Groundwater association
The role of groundwater flux in modern microbialite formation has received limited attention,
although groundwater may play a significant role in microbialite formation, and a large number
of modern microbialites are groundwater-associated (Warden et al., 2019). Many modern
microbialite studies indicate groundwater discharge occurrence at the sites of microbialite
formation, including the microbialites at Pavilion Lake (Russell et al., 2014), Lake Van (LópezGarcía et al., 2005), Lake Tanganyika (Tiercelin et al., 1993), Cuatro Ciénegas (Breitbart et al.,
2009), Pyramid Lake (Arp et al., 1999), Great Salt Lake (Bouton et al., 2016) and Fayetteville
Green Lake (Thompson et al., 1990). While WDL tufa sites presented here are separated into
shoreline vs. spring-associated sites, it is quite likely that the shoreline sites are also influenced
by an influx of groundwater. Groundwater flux facilitates carbonate deposition by supplying a
source of calcium ions in calcium-limited systems, and by providing a constant source of
nutrients for microbial mat development. The presence of spherulites in WDL tufas may provide
textural evidence for groundwater flux at tufa deposition sites. Spherulites form in spring-fed
microbialite pinnacles in Lake Van and are thought to be directly related to both microbial
activity and the mixing chemistry between lake water and groundwater (López-García et al.,
2005). Spherulites are also found in subaerial hot springs and spring-associated tufa mounds at
Searles Lake (Chafetz et al., 2018).
The microbial sequences preserved in the tufa samples also indicate a groundwater
contribution from thermal sources. Multiple microbe types identified in the DNA data are
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slightly thermophilic and/or halophilic, including genera from Deinococcus-Thermus,
Chloroflexi, and Actinobacteria. The genus Truepera was originally isolated from a hot spring
and has an ideal growth temperature of 50˚C (Albuquerque et al., 2005). Most cultured
Chloroflexi are thermophilic (Madigan et al., 2012); Thermomicrobia, which is present in all of
the tufa samples, is a class of Chloroflexi that grows in optimal temperatures of 70-75˚C (Garrity
et al., 2001). Additionally, the cyanobacteria identified in the tufa samples are known to be
tolerant of warmer water temperatures and have been observed in biofilms adjacent to hot
springs at Pyramid Lake (Arp et al., 1999). The presence of these phyla in the WDL tufa samples
implies that the water temperatures where the tufa was forming were warmer than expected, even
in the case of shallow surface waters, as modern surface temperatures at adjacent Pyramid Lake
range from near 0˚C in winter to 20˚C in summer. Thermal groundwater in the region also tends
to be saline, with average conductivity values of ~6 mS/cm (Arp et al., 1999). Both samples from
the RR site contain halophilic microbial DNA from the genus Halomonas. The radiocarbon age
(17,000 cal ybp) and elevation (1213 masl) of this site indicate that lake level would have been
relatively high at this time, and thus unlikely to be particularly saline; accordingly, the only
significant potential source of solutes is groundwater. At the sites examined in this study, it
seems apparent that thermal groundwater played at least some role in tufa deposition, although
the exact temperature cannot be determined without use of a temperature proxy such as clumped
isotopes.
Conclusions
Textural, geochemical, petrographic, and DNA data from frondose draping tufas from
Winnemucca Dry Lake suggest that deposition of these Pleistocene tufas was influenced by
microbial processes. Tufas are texturally identical to modern thrombolitic microbialites from
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Fayetteville Green Lake and display morphological similarities from outcrop to micron scales.
Stable isotope geochemistry of organic matter preserved in tufas suggests a lacustrine microbial
mat community dominated by photosynthetic processes was associated with tufa deposition.
Results of DNA sequencing of 16S rRNA indicate that tufas contain preserved DNA of
photosynthetic builders, dominantly Chloroflexi and Proteobacteria, with minor relative
abundances of Cyanobacteria and Acidobacteria. The presence of photosynthesizers indicates
that the depositional environment was within the photic zone (shallow and/or clear water), which
contrasts with some previous interpretations of the lake environment. In addition, the presence of
thermophiles such as Deinococcus-Thermus indicates that water temperatures in the depositional
environment were above nominal summer water surface temperatures, which suggests an
additional possible influence of thermal groundwater flux at sites of tufa deposition. Further
investigations of environmental indicators, such as clumped isotopes, pigments, and lipids, may
yield additional insights into the processes and environments of tufa deposition in the Lahontan
basins, providing further constraints on lake basin history.
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Tables
Table 2-1. Tufa sample locations and descriptions.
Site Name
FHN

Latitude
40.32348

Longitude
-119.34634

Elevation
(masl)
1250

FHS

40.31769

-119.35056

1233

Shoreline

RR

39.93478

-119.37486

1213

Spring

91

Site Type
Shoreline

Table 2-2. Radiocarbon ages and elevations for tufa samples.

C (yr
BP)
12508

1-sigma
error
76

Calibrated
Age Range
(cal yr BP)
14530 – 15010

Calibrated
Median
Age (cal yr
BP)
14730

14

Sample ID
FHS1-org

Sample
Type
Organic C

FHN1-org

Organic C

8456

41

9460 – 9520

9480

RR1-org

Organic C

13997

50

16890 – 17110

17000

FHS1

Carbonate

12703

59

15040 – 15240

15130

FHS2

Carbonate

12495

57

14510 – 14950

14710

FHN1

Carbonate

11654

48

13440 – 13550

13490

RR1

Carbonate

16672

77

20000 – 20230

20120

RR5

Carbonate

15817

75

18960 – 19170

19070

RR6

Carbonate

15250

70

18430 – 18610

18520

RR7

Carbonate

16520

82

19800 – 20060

19930
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Table 2-3. Stable isotope composition and organic content of tufa samples.
d13Corg
d15Norg
‰VPDB ‰AIR
-23.1
8.9

d13Ccarb
d18O
‰VPDB ‰VPDB
3.5
-2.0

Sample
ID
FHN1-A

% Corg

% Norg

C:N

0.05

0.005

10.7

FHN1-B

0.25

0.025

11.5

-24.1

8.1

4.0

-1.6

FHS1-A

0.06

0.005

14.1

-24.9

5.8

3.7

-1.8

FHS1-B

0.06

0.005

14.7

-24.2

5.4

3.5

-2.2

FHS1-C

0.06

0.004

15.3

-25.3

4.6

3.7

-1.8

FHS2-A

0.06

0.005

14.4

-23.1

6.8

3.8

-1.5

FHS2-B

0.06

0.005

13.6

-24.8

5.1

3.7

-1.5

FHS2-C

0.07

0.006

15.0

-23.2

5.6

3.4

-2.3

RR1-A

0.05

0.005

12.6

-23.5

7.6

3.4

-2.5

RR1-B

0.04

0.003

14.0

-24.0

5.7

3.5

-2.2

RR5-A1

0.10

0.012

10.0

-23.6

7.6

3.7

-1.8

RR5-A2

0.11

0.013

9.9

-22.5

7.1

3.9

-1.6

RR5-B

0.09

0.011

9.5

-22.9

7.0

3.8

-1.8

RR6-A

0.05

0.004

15.5

-20.9

5.3

3.8

-2.0

RR6-B

0.06

0.006

12.1

-22.7

6.0

3.8

-1.8

RR7-A

0.12

0.014

10.2

-22.7

5.3

3.6

-1.9

RR7-C

0.10

0.009

13.1

-20.8

5.3

3.5

-2.2
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Figures

Figure 2-1. Examples of frondose tufa outcrops in the Pyramid and Winnemucca lake basins.
A – Outcrop of frondose tufa composed of horizontally-stacked lobes of thrombolite tufa. Lobes
are often weathered and present a “birds-nest” character. B – Draping frondose tufa shelf over
basalt bedrock. These larger shelves often form the initial layer coating the base surface, and are
then overlain by the stacked lobes seen in A.
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Figure 2-2. Winnemucca Dry Lake map and
sample locations.
A – Map of Winnemucca Dry Lake and
sampling locations, with inset map showing
regional location. The dashed black line
illustrates the 1930s shoreline of Winnemucca
Dry Lake. Locations of tufa sample sites FH
and RR are shown by black stars. The Pyramid
Lake Paiute Reservation is shown by the dotted
line and gray shaded area and includes Pyramid
Lake. Nevada State Highway 447 runs parallel
to the shoreline of Winnemucca Dry Lake. B –
RR is located along the gentle slope margin and
is a large tufa tower complex that is interpreted
as a spring-associated deposit. C – FH is a tufa
outcrop at the north end of Winnemucca Dry
Lake where tufa was deposited on near-vertical
basaltic bedrock and is interpreted as a
shoreline-associated deposit.
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Figure 2-3. Map of Fayetteville Green Lake and sampling locations.
A – Map of Fayetteville Green Lake and nearby Round Lake, within Green Lakes State Park in
central New York. Sampling locations are shown with black stars. B – Photograph of the
thrombolitic microbialite “reef” at Deadman’s Point.
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Figure 2-4. Textural features of Winnemucca Dry Lake frondose tufas from meso- to microscale.
A – Outcrop of stacked frondose tufa lobe, with a weathered tufa lobe visible beneath. Note the
nodular exterior, vuggy porosity, and mm-scale dendritic branches that comprise the nodes. B –
Polished slab of a tufa lobe collected from FHS that consists of several amalgamated smaller
lobes. The base of the lobe (section attached to bedrock) is at the bottom of the photograph. Note
the branching texture away from the attachment surface. Stromatolitic laminated knobs are
visible at the base (inset, black box indicates area on slab). C – Photomicrograph of a thin section
of WDL tufa, in cross-polarized light. Note the mixed micrite and shrubby microfabric and
extensive porosity. A reworked spherulite is shown by the black arrow. D – Scanning electron
image of typical micrite and shrubby calcite microfabric seen in WDL tufas. Note the
microporosity visible throughout (example shown by white arrow) both large shrubby crystals
and smaller micrite crystals. E – Photomicrograph of a vuggy pore with shrubby crystalline
calcite and cemented siliciclastic particles and clays lining the pore (cross-polarized light).
Siliciclastic material is largely limited to pore infill in WDL tufas. F – Scanning electron image
of tufa microfabric showing internal mold and outline of diatoms imbedded in the calcite matrix.
Note the microporosity throughout (example shown by white arrow).
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Figure 2-5. Textural features of Fayetteville Green Lake thrombolitic microbialites.
A – Submerged lobate shelf edge of the microbialite reef (photo by M. Teece). Note the nodular
exterior and the aquatic mosses colonizing the surface. B – Sample of microbialite recovered
from 1 m depth in the lake. Sample was obtained from the exterior surface of the microbialite,
with the smooth green surface on the exterior. Note the mm-scale branching internal structure
and brown organic staining throughout. C – Photomicrograph of thin section from FGL
microbialite (cross-polarized light). The dominant microfabric is a mixed micrite and shrubby
calcite. Larger calcite crystals form within pores, visible in the upper left quadrant of the image
(black arrow). D – Scanning electron image of FGL microbialite showing a pore with calcite
crystal infilling. Note the large pore infill crystals compared to the surrounding microfabric, and
microporosity throughout (white arrow). E – Photomicrograph of a laminated section of FGL
microbialite (plane light). Laminae are micritic in texture and defined primarily by a color
change that may be related to the amount of trapped organic material. F – Scanning electron
image showing the typical mixed micrite and shrubby calcite microfabric of FGL microbialites.
Note the microporosity throughout both micrite and shrubby calcite (white arrow).
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Figure 2-6. Stable isotope and
organic matter content of WDL
tufas.
Shoreline-associated tufa samples
are green circles, and springassociated tufa samples are orange
circles in all three plots. A – Total
organic carbon (TOC) and total
nitrogen (TN) from tufa organic
matter. Note that a number of
samples have the same value and
are plotted on top of one another.
The gray dashed line represents a
loess fitted line through the data
with Pearson’s coefficient and pvalues given. There is a
significant positive correlation
between TOC and TN. B –
Nitrogen isotope composition vs.
C:N of bulk organic matter. The
gray dashed line represents a loess
fitted line through the data with
Pearson’s coefficient (r2) and pvalues given. There is a
statistically significant negative
correlation between d15N and
C:N. C – Stable isotopes of
oxygen and carbon from
carbonate (inorganic) tufa
samples. The d18O and d13Ccarb
show a strong positive linear
correlation for all samples (gray
dashed line), which is interpreted
as indicative of closed basin
conditions during tufa deposition.
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Figure 2-7. Taxonomic profiles of WDL tufa samples from 16S rRNA sequencing.
Phyla with overall low relative abundance (no samples greater than 1% of the total) are grouped
into the category of “Other” for display purposes (includes phyla FBP, AD3, TM6,
Gemmatimonadetes, Armatimonadetes, BRC1, Verrucomicrobia, Fusobacteria, TM7, and
Nitrospirae).
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Figure 2-8. Comparison of measured and predicted d13C values for WDL tufas.
Endmembers contributing to the carbon isotopic composition of WDL tufas are measured or
predicted. Lake DIC (yellow bar) was calculated from atmospheric CO2 (green bar; Marino et
al., 1992) as described in the text. Equilibrium carbonate values (purple bar) are compared to the
measured values for d13Ccarb (red bar) and d13Corg (blue bar) from WDL tufas. Measured
carbonate values are depleted with respect to the predicted value, possibly indicating that DIC is
not solely derived from atmospheric CO2. The arrow shows the difference in d13C values from
carbonate and organic matter, which is consistent with the fractionation associated with
photosynthesis.
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Figure 2-9. Taxonomic profiles of WDL tufas, normalized to include only those phyla known to
be significant members of modern microbialite-forming communities.
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Figure 2-10. Comparison plot showing lake level interpretation.
Plot shows the lake level interpretation of Adams and Rhodes (2019) and associated data along
with new data from this study. Lake level (blue dashed line) was developed based on a variety of
geologic, organic, and archaeological materials (gray symbols; Adams and Rhodes, 2019). New
radiocarbon ages from organic matter preserved in tufa (this study) are shown in red hexagons;
calibrated age ranges are shown for each sample with a black bar (error bar is smaller than
symbol for FHN). The RR site (interpreted as spring-associated) formed in ~50 m water depth,
during the lake filling stage at the beginning of the Lahontan highstand. The FHS sample
corresponds to the approximate lake shoreline as the Lahontan highstand receded. The FHN
sample falls above the interpreted lake level curve of Adams and Rhodes (2019), suggesting that
lake level may have been higher than estimated during this interval.
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Abstract
Lacustrine carbonate tufa deposits are common in extant lakes and dry pans of the western
United States, and large-scale deposits (>100 m high) are found throughout the subbasins of
Pleistocene Lake Lahontan. Deposition of tufas is a result of combined physical, chemical, and
biological factors that are directly related to the basin geology and hydroclimate; however, the
importance of each controlling factor is highly variable both spatially and temporally,
complicating the development of effective and predictive depositional models. This study
presents such a depositional model for tufa formation in Winnemucca Dry Lake, a subbasin of
Lake Lahontan, that incorporates new observations of tufa growth over length scales of 10-4-102
m. Tufa depositional facies are defined on the basis of outcrop morphology and texture. Deposits
were mapped using satellite imagery and field observations. Aerial images acquired from a small
uncrewed aerial system (sUAS) over seven tufa exposures across the basin were used to develop
digital outcrop and elevation models, from which tufa facies volumes and attributes were
quantified. Tufa thin sections were examined using transmitted light petrography and scanning
electron microscopy and combined with porosity and permeability measurements to define
small-scale facies characteristics. Both porosity and permeability are highly variable across
textures; average values for both (f = 29%, k = 5.5 D) indicate that all tufa types may exhibit
excellent reservoir properties. The age and distribution of these facies across the basin are
directly linked to hydroclimate and lake level. The most important control on tufa distribution at
the basin scale is basin hydrology and pathways of groundwater inflow. Groundwater flow into
the basin is largely concentrated along the western flexural margin along the contact between
volcanic and volcaniclastic bedrock and alluvial sediments, rather than concentrated along the
large border fault margin, in contrast to other models which predict strong fault-control of tufa
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occurrence. Microbially-influenced tufa textures and morphologies are the most volumetrically
significant tufas in the basin, composing between 77% and 100% of tufa volume at individual
exposures; these are inferred to form during times when lake waters were warmer and levels
higher, while physico-chemical processes dominate during early tufa formation, and generally in
colder waters and under lower lake level conditions. Thus, tufa deposition is intrinsically linked
to basinal hydroclimatic histories, and understanding these relationships may assist in predicting
volumes, physical properties, and stacking patterns of petroleum reservoir facies in lacustrine
basins.
Introduction
Lacustrine carbonate rocks are valuable recorders of environmental conditions and have
recently been recognized as important hydrocarbon reservoirs in areas such as the South Atlantic
margins of Brazil and Angola (e.g. Seard et al., 2013; Della Porta, 2015; Rogerson et al., 2017;
Gallois et al., 2018). Ancient lacustrine carbonate deposits are commonly observed in tectonic
continental basins, and compared to marine carbonate systems, are considerably impacted by
local tectonic deformation, regional hydroclimate, catchment geology, and limnology and
geochemistry. Accordingly, many questions persist about the growth and origins of lacustrine
carbonates (Della Porta, 2015), although deposition is generally controlled by three primary
processes: 1) mixing of calcium-rich ground or surface water with alkaline lake water; 2) waveinduced degassing of CO2 from lake water along shorelines; and 3) increased alkalinity via
microbial respiration. Detailed studies that combine observations from multiple scales of
investigation are lacking but valuable for improving the predictability of carbonate reservoir
facies in the subsurface. Additionally, understanding lacustrine carbonate depositional processes,
particularly the role of basin structure and groundwater influx, lends insight into formation of
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other types of authigenic carbonates that may have relevance as hydroclimate paleoproxies or as
analogues for ancient life, such as stromatolites and hydrothermal vent carbonates.
There are few extant lake environments with carbonate deposits of a scale similar to
carbonate sequences documented in the South Atlantic pre-salt basins; those are hundreds of
meters thick and contain a variety of depositional facies (Herlinger et al., 2017; Liechoscki de
Paula Faria et al., 2017). Porous freshwater carbonate deposits, known as tufas, from lake
systems in the western United States represent some of the largest Late Pleistocene to Recent
lacustrine carbonate accumulations, and may be valuable depositional analogues for lacustrine
hydrocarbon reservoirs. Tufa deposits associated with large Pleistocene pluvial lakes are
common in lake basins of the western Basin and Range. Accretionary structures that are tens of
meters in height are present in regions such as Searles Lake (Guo and Chafetz, 2012), Pyramid
Lake (Benson, 1994), and Winnemucca Dry Lake (this study; DeMott et al., 2019); notably, the
Pyramid and Needles structures at Pyramid Lake extend ~100 m above the modern lake surface.
Similar large tufa structures occur adjacent to Lake Abhe (Dekov et al., 2014) and within Lake
Van (Cukur et al., 2015), however, the tufa accretions in the western United States are by
comparison highly accessible and emergent. In addition, these tufa deposits are found within the
Basin and Range province, a broad zone of continental rifting and crustal thinning that is
analogous to of the Cretaceous South Atlantic system.
This study focuses on the lacustrine carbonate depositional system of Winnemucca Dry
Lake, a subbasin of Pleistocene Lake Lahontan in western Nevada (Fig. 1), at basin, outcrop,
hand sample, and microscopic scales in order to improve depositional models of lacustrine
carbonate systems. Prior studies from Lahontan lake basins (primarily Pyramid Lake and Walker
Lake) typically focus on only one end of this spectrum, with the majority of studies focusing on

122

outcrop scale investigations. Benson (1994) offered a detailed description of the tufas from
adjacent Pyramid Lake at the outcrop scale, with some discussion of basin-scale processes; only
one study to date has presented observations of Pyramid Lake tufas at the micro-scale (Della
Porta, 2015). Winnemucca Dry Lake contains similar tufa deposits but has an advantage over
Pyramid Lake in terms of accessibility and outcrop exposure, given that the lake bed is now
desiccated. This study provides a comprehensive depositional model for lacustrine carbonate
deposition in Winnemucca Dry Lake based on field and satellite mapping, high-resolution
outcrop studies from aerial photography, and petrographic characterization and classification of
tufa depositional facies.
Geological Setting
Winnemucca Dry Lake is an extensional half-graben basin located in the western Basin
and Range Province in Nevada (Fig. 1). The basin is elongate, ~40 km long and ~6 km wide, and
is bounded by a large border fault to the east and a flexural margin to the west. Winnemucca Dry
Lake desiccated in the 1930s, after the construction of highway 447 and diversions along the
Truckee River lowered inflow levels to the basin (Adams and Rhodes, 2019). The basin fills via
spillover of the Truckee River along the Mud Lake Slough to the south. Smaller ephemeral
streams to the north supply limited amounts of water to the lake bed during wet seasons. During
times of high lake level in the Winnemucca basin, large carbonate buildups of tufa were
deposited along the lake margins, with the highest concentration of deposits along the western
flexural margin of the lake (Fig. 1). Winnemucca Dry Lake is adjacent to Pyramid Lake, which
is well-known for its large (~100 m high) carbonate tufa deposits. Both lake basins were
important subbasins of the large Pleistocene pluvial Lake Lahontan, which reached its most
recent highstand ~15,500 years before present (Benson et al., 2013). Tufa deposits have also
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been observed in other subbasins of Lake Lahontan, including the Carson/Black Rock Desert
subbasin (Morrison, 1964) and the Walker Lake subbasin (Newton and Grossman, 1988). During
much of the Late Pleistocene and into the Early Holocene, the Pyramid and Winnemucca basins
were likely connected. However, Winnemucca Lake has no spill point and was often a terminal
lake, unlike Pyramid Lake, which has several spill points and was connected to multiple basins
throughout its history (Benson et al., 2013).
Methods
Mapping
Tufa deposits were initially mapped using satellite imagery in Google Earth Pro, and
confirmed as tufa by field observations (Fig. 1). Seven tufa deposits were selected as targets for
detailed description, and aerial photographs of these deposits were acquired using a DJI Inspire 1
Pro quadcopter sUAS equipped with a ZenMuse X5 M3/4 camera. Photographs were used to
create ultra-high-resolution (~10mm/pixel) three-dimensional Structure-from-Motion
(photogrammetry) digital outcrop models, digital elevation models, and orthomosaics using
Agisoft Photoscan Pro software. Models were imported into ArcGIS (ESRI) and Move (Midland
Valley) software to interpret and quantify tufa facies at each locality.
Facies characterization
Facies were defined based on field observations of tufa morphology and texture. Hand
samples of tufa from each facies and from multiple deposits across the basin were collected
during field campaigns in 2011, 2014, and 2017. Forty-seven thin sections of tufa were prepared
using blue epoxy, with a subset of samples also stained with alizarin red for calcite identification.
Tufa thin sections were described using transmitted light petrography. A subset of tufa samples
was also examined using scanning electron microscopy (SEM) on a JEOL JSM-IT100LA
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Scanning Electron Microscope at the State University of New York College of Environmental
Science and Forestry. Samples for SEM analysis were polished and etched in 3% hydrochloric
acid for ten seconds, then gold-coated prior to analysis.
Thin sections impregnated with blue epoxy were used to quantify the optical porosity of
the tufa facies. Thin sections were first scanned using a high-resolution slide scanner, then
processed in ImageJ software using the jPOR image analysis macro (Grove and Jerram, 2011) to
calculate an optical porosity value. Tufa permeability was measured on hand samples and in the
field using an NER TinyPerm II air permeameter. Hand samples were cut using a rock saw, and
permeability was measured on the cut surface after clamping the sample in place. Field
measurements were taken on exposed surfaces, with care to avoid natural fractures on the rock
surface. At each measurement site, between three and six measurements of permeability were
taken, then averaged to account for uncertainty. The TinyPerm II has an upper threshold
accuracy of 10 D; measurements higher than this value have been capped.
Results
Approximately 250 discrete tufa bodies were mapped along the margins of the
Winnemucca basin using satellite imagery and classified based on their dominant morphology
(Fig. 1). Unlike adjacent Pyramid Lake, the tufa in Winnemucca is largely concentrated on the
western flexural margin of the basin, rather than along the eastern border fault. Tufas occur
between elevations of ~1150 masl and ~1370 masl. The upper elevation limit is above the
interpreted most recent highstand of Lake Lahontan (1136 masl; Benson et al., 2013). Tufa
deposits are limited to bedrock slopes along the basin margins, and with a single exception, are
not exposed along the flat lake bottom (Fig. 2).
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This study characterizes tufa based on its textural and morphological properties. For these
purposes, texture is considered as the cm- to µm-scale characteristics of the tufa, while
morphology refers to the m-scale shapes that compose the overall deposit. Each morphological
shape may be composed of one or more different textures; because of this internal variation, we
first describe the different tufa textures, then describe the larger scale morphology. Five major
tufa textures were identified and classified as 1) thrombolite; 2) thinolite; 3) pipe; 4) laminated;
and 5) conglomerate. These textures are combined in three major morphologies, which are
defined by both the shape and size as well as the observed textural patterns. Tufa morphologies
are classified as 1) Towers; 2) Mounds/barrels; and 3) Draping frondose. Tufa deposits were
mapped at the basin scale and classified based on the dominant morphology, and depositional
trends were examined.
Tufa texture
Thrombolite tufa
Thrombolite tufa is the most commonly observed tufa texture at Winnemucca Dry Lake
sites. It is composed of dense calcite, with cm-scale vuggy porosity. The mesofabric often has a
branching structure, and thrombolite tufa often forms discrete decimeter-scale lobes (Fig. 3A),
branches and layers where these smaller cm-scale branches expand from a central point (Fig.
3B). Texturally, thrombolite tufa in Winnemucca Dry Lake is similar to the irregular porous
texture described by Guo and Chafetz (2012) from tufa towers in Searles Lake. Thrombolite tufa
commonly exhibits a popcorn-like nodular exterior, where individual nodules are separate
branches (Fig. 3C and 3D). The largest lobes and branches commonly have a dense exterior, with
a more porous exterior (Fig. 3A); smaller lobes and branches are typically dense throughout.
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Thrombolite tufa is dominantly composed of a mixed micrite and shrubby calcite
microfabric (Fig. 4A). The fabric is typically dense, with larger vuggy pores throughout (see
results below for quantification of porosity and permeability). The denser examples occasionally
contain a “rosette” fabric (Fig. 4B), where fans of calcite amalgamate are surrounded by micrite.
Some thin sections of thrombolite tufa display shrubby calcite pore infillings, which may be
secondary. Pore spaces commonly contain siliciclastic grains, typically lithic fragments of
igneous bedrock, with rare ostracod shell fragments and other types of carbonate grains, possibly
ooids or spherulites (Fig. 4C). Large (1-2 mm) reworked spherulites are common in thrombolite
tufas, usually surrounded by micrite matrix (Fig. 4D). In a few isolated samples, needles of
gypsum infill pores. In SEM images, microporosity (defined as micron-sized pores) is observed
throughout thrombolite tufa, in both shrubby crystalline calcite and in the micrite (Fig. 4E). SEM
images also reveal occasional molds of diatom frustules (Fig. 4F).
Thinolite tufa
Thinolite tufa is the most distinctive and unique tufa texture observed in the subbasins of
Lake Lahontan. It consists of elongate calcite pseudomorphs of the hydrated calcium carbonate
mineral ikaite (CaCO3•H2O), a metastable mineral that forms in very cold water (Shearman et
al., 1989). They have a vuggy, boxy reticulate structure (Fig. 5A, 5B). The size of the elongate
pseudomorphs is variable; in the Pyramid Lake subbasin, some are 40-50 cm in length. However,
in Winnemucca Dry Lake, they are typically ~5 cm or less in length. Thinolite tufa generally
forms as layers of radiating elongate pseudomorphs which exhibit a branching character; the
branches in some cases appear as clumps of pseudomorphs (Fig. 5C, 5D).
In thin section, the reticulate structure is revealed to be largely composed of grains of
texturally zoned calcite held together with a micrite or crystalline matrix (Fig. 6A and 6B). The
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textural zones in the calcite crystals alternate between dense calcite with little to no intragranular
porosity and a microporous calcite with elongate trigonal crystals (Fig. 6C). Pores are typically
open, but may be partially infilled with clays, siliciclastic grains, sparry calcite cements, calcite
laminae (Fig. 6A), or rarely, ostracod shell fragments. Matrix occasionally exhibits “rosette”
fabric of amalgamated calcite fans; these fans in some samples exhibit laminations that are
optically continuous across the fan (Fig. 6D). Reworked spherulites are rarely observed.
Pipe tufa
Pipe tufa is distinct due to its tubular appearance (Fig. 7A, 7B). Individual tufa pipes are
typically between ~5 cm and ~20 cm long and are commonly amalgamated into larger pipe
complexes. Pipe tufa typically has a smooth exterior, and a crystalline, friable interior (Fig. 7C,
7D). The exterior is denser than the interior; however, both are highly porous (see text below for
review of porosity & permeability). In thin section, the interior sections are composed of highly
porous and crystalline calcite (Fig. 8A) while the exterior sections are composed of denser,
shrubby calcite and micrite (Fig. 8B). Commonly, the interior sections contain isolated trigonal
calcite mesocrystals or clumps of mesocrystals, which are regularly composed of trigonal
nanocrystals (Fig. 8C). Spherulites are also observed in thin sections from the interior sections of
pipe tufa, and composed of roughly spherical structures that have a laminated or radial texture
that is optically continuous in cross-polarized light; these grains commonly display wavy edges
rather than rounded edges such as the spherulites observed in thrombolite and thinolite sections
(Fig. 8D). Cemented clumps of spherulites are commonly observed within the denser exterior
portions of pipe tufas, appearing as stacked fans of acicular calcite, or “rosettes”, similar to the
same texture observed in other tufa sections. Many clumps of crystalline calcite, and some
spherulites, have small circular pores in the center (Fig. 8E), which were likely left by decay of

128

microbial filaments. Elongate pores surrounded by trigonal calcite crystals are observed in some
thin sections (Fig. 8F), indicating the former presence of such microbial filaments.
Laminated tufa
Laminated tufa is not commonly observed in the Winnemucca Dry Lake area. Laminated
tufa is typically found as either cm-scale stromatolitic knobs or dense layers at the base of
thrombolite tufa sections (Fig. 9A, 9B), or as micro-laminations visible in thin sections of other
tufa textures (Fig. 9C). Dense laminated tufa layers were reported on the eastern margin of
Winnemucca Dry Lake by Benson et al. (2013) and are observed in Pyramid Lake (Benson,
1994) and in the tufa towers of Searles Lake (Guo and Chafetz, 2012), but were rarely observed
as discrete layers during field observations conducted as part of this study. In thin section, the
laminae are composed of layers of micritic calcite, and individual laminae are primarily defined
by variation in porosity, with some laminae exhibiting a higher porosity (Fig. 9D). Some laminae
display varying degrees of organic matter content; decay of this organic matter may be the cause
of the observed porosity variations, similar to observations of laminated sections from
microbialites of Fayetteville Green Lake, NY (DeMott et al., 2020). Laminated tufas make up
only a minor component of the tufa depositional facies.
Cemented conglomerate tufa
Cemented conglomerates occur as beds that wrap around the bases of large tufa bodies
(Fig. 10A). The beds typically dip toward the basin center, and likely formed at paleoshorelines.
Conglomerates consist of pebble to coarse sand-sized grains weakly cemented with micrite (Fig.
10B). Grain size is variable between discrete layers, whereas within the conglomerate layer itself
the grain size is more consistent. Grain composition is dominated by lithic fragments derived
from igneous bedrock (Fig. 10C) and tufa lithoclasts (Fig. 10D). Tufa lithoclasts are composed
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of a variety of tufa textures and include thrombolite, thinolite, and pipe tufa grains. Other
carbonate grains observed in cemented conglomerates include ooids, ostracod fragments, and
spherulites. The beds of cemented conglomerates are largely limited in extent to the area
immediately around tufa deposits; however, these beds were likely originally more extensive.
Conglomerates are weakly cemented and as such are likely highly prone to weathering.
Tufa morphology
Draping Frondose Tufa
Draping frondose tufa is one of the most commonly observed morphology types in the
Winnemucca basin, comprising 35% of the mapped examples; however, draping tufa commonly
accompanies bodies that are overall dominated by the other morphologies. Deposits of this tufa
morphology occur between elevations 1174-1374 masl (n = 71), which includes the highest
elevation at which tufa is observed (Fig. 11A). Draping frondose tufas are found on steep
surfaces, with slopes of 3-30˚. Draping frondose tufa is characterized by horizontally stacked
layers of lobate or branching thrombolite tufa; thrombolite textural facies is the sole texture
present at these exposures. Weathering of lobes produces a distinctive “birds-nest” morphology,
where the tops of lobes disintegrate and the lobe bottoms form nest-like clusters and may appear
to point upwards (Fig. 11A). Draping frondose tufa forms primarily on hard, high-relief surfaces
such as bedrock outcrops, or as branches off of older tufa deposits. The lobe structure may
exhibit curvature upward or downward. The lobes of tufa that comprise draping frondose forms
have a nodular, knobby exterior and are highly porous. Lobes exhibit a branching or dendritic
mesofabric, with branching radiating outward from a central point within the lobe (Fig. 3), which
is commonly exposed from weathering. Individual lobes are typically between 15-25 cm thick,
and 30-50 cm wide; the length is highly variable, with some lobes forming highly elongate

130

branches that may approach a meter in length, whereas most are smaller lobes with maximum
lengths of ~20-40 cm.
Mounds and Barrels
Tufa mound and barrel morphologies comprise the majority of observed tufa deposits in
the Winnemucca basin (62%, n = 127). Mound and barrel morphologies are lumped together due
to the similarities in internal structure. Both mounds and barrels consist of concentric layers of
tufa that accrete outwards from a central point; mounds have a hemispherical shape and are
typically very low relief, 1-2 m in height, whereas barrels display cylindrical forms but are wider
than they are tall. Mound and barrel deposits commonly consist of stacked amalgamations of
mound/barrel structures (Fig. 11B) but are also observed as “patch reefs” of more isolated
mounds. Mound and barrel morphologies occur along the lake margin from elevations of 1149
masl to 1284 masl, and on slopes of 0.4˚ to 19.1˚.
Mound and barrel structures accrete around a central point that is typically composed of
tubular pipe tufa. The pipe tufa at the center of the structure is not always readily exposed, due to
the accretionary nature of the mound/barrel, but may be observed in some locations, particularly
where mounds/barrels have collapsed or tipped over and exposed the base of the structure. The
small pipe tufa center is then surrounded by radial layers of first thinolite, then thrombolite tufa.
The thickness of the thinolite tufa layers varies between deposits; in some areas the thinolite
layers may be as much as 50 cm thick, whereas in others the thinolite layers are quite thin and
show a rapid transition to the thrombolite layers that comprise the exterior of mounds and
barrels. Thrombolite layers form as concentric layers, with a branching structure that fans
outward from the center of the mound/barrel. In barrel structures, these layers may form
horizontal stacks around the barrel cylinder in a petal-like arrangement, whereas in mound
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structures these layers appear more radial. The exterior of some mounds is dense and smooth;
this is usually the case with the low relief mounds that form along the lowest elevations.
Towers
Tufa towers are the most striking tufa morphologies observed in Winnemucca basin, but
comprise only a small percentage of total observed deposits (3% of total, n = 6). Tower
structures occur at elevations between 1176 and 1230 masl, and on relatively low-relief slopes
(1-9%). Towers are vertical, high-relief structures that have greater height than width (Fig.
11C); tower structures are commonly associated with lower relief mounds and barrels. Tower
structures display a centralized, vertical conduit system composed of cylindrical tufa columns.
Horizontally-stacked draping branches coat the exterior of these columns and appear to radiate
outwards from the central structure in map view (Fig. 11E); these branches are morphologically
equivalent to the draping/frondose tufa. The central columns are texturally composed of pipe
tufa, whereas the draping branches are composed of dense thrombolite tufa. Towers are
commonly surrounded by extensive mound/barrel structures.
Tufa porosity and permeability
Tufa porosity and permeability were measured and classified based on the tufa texture. In
general, tufa has high porosity and permeability; however, there is high variability in these
measurements. Overall mean porosity from thin sections is 29%, with a range of 1.5% to 46.3%
(Fig. 12A). Pipe tufa has the highest porosity values, with optical porosity values ranging from
33.9% to 44.3% (mean value of 40.4%, n = 5). Conglomerate tufa is also highly porous, with
porosity dependent on grain size; optical porosity ranges from 26.6% to 45.0%, with a mean
value of 35.4% (n = 4). Thinolite tufa exhibits optical porosity values ranging from 24.8% to
42.9%, with a mean value of 33.2% (n = 5). Thrombolite tufa porosity has a high degree of
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variability, with optical porosity ranging from 11.6% to 46.6%, with a mean value of 25.7% (n =
27). Overall optical porosity in laminated tufa is highly variable and exhibits the largest range of
values, depending on whether the laminations are associated with thrombolitic tufa or are from a
discrete laminated layer. Optical porosity ranges from 1.5% to 42.5%, with a mean value of
29.7% (n = 6). The higher values are from stromatolitic knobs associated with thrombolite tufa,
whereas the lowest value is from a dense laminated tufa layer.
Permeability measurements were made on both field and hand samples, and in general
permeability measurements are high (median value of all tufas is 5.5 D), but also exhibit a large
range (0.006 D to 2900 D). The TinyPerm II air permeameter has a measurement range of 0.001
to 10 D, and several tufa permeability measurements were above the upper threshold,
particularly when taken in the field. Measurements greater than this threshold have low accuracy
but are included in this data set to demonstrate the high range of values observed (Fig. 12B). Due
to the wide range of values for tufa permeability measurements, the median value is reported to
better represent the data. The median permeability for hand samples is 2.4 D (n = 36). In hand
sample, cemented conglomerate tufa has the highest median permeability of 9.9 D (n = 11),
whereas laminated tufas had the lowest median permeability (0.7 D, n = 4). No samples of pipe
tufa were measured in the lab, due to the small size of individual samples; however, pipe tufa
was measured in situ in the field along with the other observed textures. In the field, the median
permeability of all tufa textures is 5.8 D (n = 53). Thrombolite tufas show the highest median
values for field measurements (14 D, n = 35), whereas laminated tufas indicate the lowest
median value (0.01 D, n = 3).
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Interpretation and Discussion
Tufa depositional sequence
Three-dimensional models from sUAS photogrammetry were used to interpret the
sequence of tufa deposition and to quantify tufa facies across the Winnemucca basin (Fig. 13).
Digital elevation models (DEMs) were generated from 3D photogrammetry along with
orthomosaic images and digital outcrop models (DOMs) (Appendix D). Interpretation of these
digital models for mound and tower morphologies helps demonstrate a typical progression of
facies accumulation from interior to exterior (oldest to youngest): 1) pipe tufa; 2) thinolite tufa;
3) thrombolite tufa; 4) conglomerate (Fig. 14). Tufa deposition primarily initiates as small pipes
and/or coatings on cobbles. Pipe tufas accrete vertically, whereas thinolite tufas form layers on
the exteriors of pipes or form near pipe outlets around cobbles or sediment. With additional flux
of groundwater, layers of tufa accrete both vertically and horizontally, forming concentrically
layered domes. Thrombolite tufa then forms as horizontally stacked shelves on the outsides of
mounds and large towers. Finally, as lake levels recede and alluvium is transported into the lake,
cemented conglomerates form around the exterior of the tufa structures, incorporating tufa rubble
and weathered pieces of older tufa, and cementing them in place. Laminated tufas are rarely
observed, but either form thin layers between pipe and thinolite tufas or thinolite and thrombolite
tufas, or are present as isolated deposits near lowstand lake levels. Draping morphology tufas are
composed solely of thrombolite tufa; these deposits are much higher in elevation and younger
than the mound and tower deposits, suggesting a temporal shift in environmental conditions.
These observations are largely consistent with earlier observations of the tufas at Pyramid Lake
(Benson, 1994); however, the sequence of tufa deposition observed in Winnemucca is less
complex than the considerably larger deposits at Pyramid Lake, which commonly contain
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multiple generations of thinolite and thrombolite sequences and exhibit stacking of these
morphological units into the largest bodies at the Needles Rocks and the Pyramid (Benson,
1994).
Radiocarbon age dates from Winnemucca tufas are few in number. In the Pyramid Lake
basin, pipe tufas range in age from 44,900 cal ybp to 21,600 cal ybp (Benson et al., 2013).
DeMott et al. (2019) dated a concentrically-layered tufa mound that was built around a small
pipe structure; although the pipe tufa itself was not dated, a pipe-thinolite transitional layer was
dated to 26,400 cal ybp, and the transition between thinolite and thrombolite tufa occurred
~18,000 cal ybp. Other thrombolite tufas from Winnemucca range in age from 20,000 cal ybp to
9500 cal ybp (DeMott et al., 2020). These ages are also consistent with those observed by others
for Pyramid Lake tufas (Broecker and Kaufman, 1965; Lin et al., 1996; Benson et al., 2013).
This suggests that tufa textural facies are controlled by significant temporal shifts in
environmental conditions in the Winnemucca basin (see next two sections of discussion).
Tufa interpretations were combined with a thickness map generated from the DEM to
estimate tufa volumes (Table 1). Volumetrically, thrombolite tufa dominates all types, with
100% of draping deposits, 77% of tower deposits, and 92% of mound deposits composed of
thrombolite facies. At towers , pipe tufas compose 14% of the tufa volume, and thinolite tufa less
than 10% of the total tufa volume. At mounds , pipes are considerably smaller, if present, and
compose only 1% of the total tufa volume. The few deposits that also contain conglomerate and
laminated facies expose less than 1% of these facies. These volumetric differences, compared
with the time frame for tufa growth of each sequence, indicates that thrombolite tufas grew more
quickly than the other tufa types; a larger volume of thrombolite tufa accumulated in the
Winnemucca basin compared to other tufa textures accumulating over similar time frames.
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Basin-scale hydrologic controls on tufa distribution
The mixing of calcium-rich groundwater with alkaline lake water can be a significant
control on tufa deposition. Accordingly, it is important to examine whether tufa structures are
definitively associated with groundwater flow paths. Previous studies have suggested that the
most important control on the deposition of large tufa towers is basin structure, due to the
association of tufa towers with known faults, which could provide focused sites of groundwater
emergence, leading to tufa deposition. A number of studies have noted the linearity of tufa
occurrences (e.g. Guo and Chafetz, 2012; Dekov et al., 2014) and/or have mapped fault systems
below large tufa structures (Vice et al., 2007). In Pyramid Lake, some of the largest tufa
structures are associated with normal faults, including the Needles Rocks area and the
eponymous Pyramid (Eisses et al., 2015). However, the majority of tufa in the Winnemucca
basin is not directly associated with known fault structures, and the tufa dominantly occurs along
the flexural margin of the half-graben, rather than along the border fault. This suggests that
general structure of the basin is less important for predicting tufa distribution patterns; rather, the
critical component appears to be association with groundwater influx, which may be related to
fault structures, but may also emerge in the basin along other stratigraphically-controlled
groundwater flow paths.
The association between groundwater and continental carbonate deposition has been
noted in the literature (e.g. Rosen et al., 2004; Della Porta, 2015; Warden et al., 2019). Tufas in
the Winnemucca basin are closely associated with groundwater influx (DeMott et al., 2019,
2020), and groundwater likely supplies a significant proportion of the calcium ions necessary for
tufa deposition, given the low calcium concentrations present in Truckee River surface waters
(Benson et al., 1996). However, this relationship is rarely considered in the context of the basin
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hydrology, which may be the most important factor for developing a predictable basin model for
lacustrine carbonate deposition. In the Winnemucca basin, springs are commonly observed along
the flexural margin, with many just slightly higher in elevation than the tufa occurrences, but are
less commonly observed along the border fault margin (Fig. 1, Appendix B). The majority of
these springs along the eastern margin occur along a line roughly parallel to the contact between
bedrock and alluvium (Zones, 1961). A study of the hydrology of the Winnemucca basin (Zones,
1961) showed that shallow groundwater in the basin is recharged in the local mountain ranges
and emerges into the basin along the margins of the lake near the bedrock-alluvium contact.
Bedrock along the western margin in the Lake Range is largely composed of Tertiary basalt and
andesite, with strata that dip eastward toward the basin (Drakos and Faulds, 2013); in contrast,
the bedrock along the eastern margin in the Nightingale Range is composed of older Mesozoic
granodiorite and Tertiary basalt, with some outcrops of metamorphosed Jurassic mudstones (Van
Buer, 2010). The bedrock of the Nightingale Range lacks the layered stratigraphy of the Lake
Range, which may explain why springs are concentrated along the western margin and are less
common in the east.
Geochemical data for these springs is limited in the literature and available water
monitoring databases (USGS NWIS). Only four springs located in the Winnemucca basin have
available geochemical analyses, and of these, only two springs had both calcium concentrations
and temperature data (Table 1). Of the four springs, only one had sufficiently high calcium
concentrations to induce precipitation of carbonate minerals, and the temperature at this site is
unknown. In general, ambient temperature springs in adjacent basins in the region tend to have
relatively low calcium concentrations - >~55 ppm (Zones, 1961; Benson et al., 1995; USGS
NWIS database). However, deeper groundwater with relatively high calcium concentrations
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(>100 ppm) is also documented in the region and those waters commonly have temperatures
above 37˚C, which is considered the threshold for defining thermal waters (Hose and Taylor,
1974; Kresic, 2010). These thermal springs are commonly fault-associated, and many also form
travertine deposits (Hose and Taylor, 1974). Thermal groundwaters with temperatures of 55 –
85˚C (Benson et al., 1995; Arp et al., 1999) emerge at several sites in the Pyramid Lake basin
(e.g. the Needles Rocks, the Pyramid), and thermal springs also occur in other Lahontan basins,
(Anderson, 1978); however, no hot springs are observed in or adjacent to the Winnemucca basin
at present (Hose and Taylor, 1974), although at least one higher temperature well (100-150˚C) is
present at the northwestern end of the lake (Coolbaugh et al., 2005).
Since many thermal springs are recharged from meteoric water (Hose and Taylor, 1974),
they are often geochemically indistinct from ambient temperature springs in the region; Benson
et al. (1995) report d18O values for cold springs (13-17˚C) of -9.0 to -14.6‰ (VSMOW) and -9.6
to -12.2‰ for hot springs (58-89˚C). DeMott et al. (2019a) demonstrated that thinolite and
thrombolite tufa from a mound in Winnemucca had d18O and d13C values that fell in a range of
mixing between lake water and groundwater but could not definitively determine the temperature
of the groundwater. Pipe tufas from this same locality, however, have significantly higher d18O
values (30.1 to 32.0‰) than the thinolites (26.7 to 29.0‰) and thrombolites (27.9 to 28.7‰)
(Supplemental Info). These higher d18O values may indicate higher water temperatures
consistent with pipe tufas forming at thermal sublacustrine springs but could also indicate a
change in the groundwater flux or source. Evidence of mesothermophilic microbes preserved in
tufa may indicate that groundwater in the Winnemucca basin was at least mildly thermal during
the time of tufa deposition (DeMott et al., 2020). In either case, the tufa distribution in
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Winnemucca Dry Lake is clearly associated with the basin hydrology and groundwater flow
paths, and not limited to fault zones.
Several studies have examined the ages and elevations of tufa in Lahontan basins as a
means of determining the lake level history (Broecker and Kaufman, 1965; Lin et al., 1996;
Szabo et al., 1996; Benson et al., 2013; Adams and Rhodes, 2019; DeMott et al., 2019). The
most recent tufa ages reported were ~2000 cal ybp, based on radiocarbon ages (Benson et al.,
2013), whereas the oldest tufa age reported was 358,000 ybp based on uranium-series dating
(Szabo et al., 1996). Tufa from the Winnemucca basin specifically range in age from 26,420 cal
ybp (DeMott et al., 2019) to 8,860 cal ybp (Broecker and Kaufman, 1965). During this time
frame, Winnemucca lake level elevations fluctuated between highstand intervals and periods of
lowstand and/or possible desiccation (Adams and Rhodes, 2019); however, these shifts in lake
level were apparently not a major control on tufa deposition, as tufa ages span all elevations of
lake level, as well as a wide range of water depths, and are not restricted to specific time frames.
Tufa growth, however, appears to be more significant during highstand intervals, when high lake
levels allow for increased accretion heights and higher rates of groundwater influx with
increased recharge.
Geochemical and biological controls on tufa deposition and distribution
Tufa deposition and lake chemistry
Whereas the overall distribution of tufa at the basin scale is largely controlled by basin
hydrology, the distribution of tufa facies in space and during different intervals in the geologic
past is controlled by other environmental factors, primarily water chemistry, temperature, and
microbial influence. Tufa forms when lake water concentrations of Ca2+ and HCO3- are elevated
to the point of supersaturation; the mineralogy of the tufa carbonate minerals is then dependent
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upon the Mg/Ca ratio of the lake water (Deocampo, 2010). In modern Pyramid Lake, aragonite
precipitation occurs as shoreline crusts and persistent whitings near shoreline and sublacustrine
thermal springs (Arp et al., 1999) and as water column precipitates during lake-wide whiting
events (Galat and Jacobsen, 1985); however, significant accretion of tufas, which are composed
of calcite, is not known to occur in the modern system, despite the mild supersaturation of lake
waters with respect to calcite. This suggests that significant tufa formation may not occur in
lowstand lake systems with chemistry similar to modern Pyramid Lake, despite the increased
concentration of Ca2+ and HCO3- ions from evaporation.
Whereas tufa in the Winnemucca basin is generally associated with regional groundwater
influx, mixing zone processes appear to be more important in the formation of mound and tower
structures than in draping tufas. Physico-chemical mixing of calcium-rich groundwater with
alkaline lake water leads to abiogenic precipitation of crystalline calcite at the spring orifice, and
this crystalline calcite provides a substrate for further upward growth accompanying venting
fluids. This process is likely similar to the development of carbonate chimneys observed at
hydrothermal vents (Ludwig et al., 2006). These early crusts and nascent towers may be
colonized with filamentous bacteria, which leave behind the microbial traces described above,
and may contribute to the formation of spherulites within the venting fluid pipe structures,
similar to observations of spherulite-like calcite globules from microbialites in Lake Van
(Kempe et al., 1991). In the Lost City hydrothermal carbonate chimneys, carbonate minerals first
precipitate within cracks and fissures in the serpentinite basement rocks; these fissures fill in and
concentrate fluid flux at the remaining open conduits, leading to formation of chimney structures
(Ludwig et al., 2006). As fluid flux is concentrated at specific focused sites, the chimneys
accrete vertically, sometimes branching when fluids break out of the main conduit. This process
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likely explains the formation of the Winnemucca pipe tufas as well, although nucleation may
occur initially in the lake sediment rather than on exposed bedrock; it is unknown how deep the
Quaternary basin fill is at the margins of the lake bed, although maximum basin fill is estimated
to be ~1.7 km based upon the dip of the border fault and basin width. The size of the pipe
chimneys is thus likely related to the rate and focus of groundwater flux, where faster flowing,
focused flow resulted in upward venting and extensive pipe growth, whereas slower or more
diffuse flow led to mound development, or crystallization within the sediment. This proposed
process is similar to models for growth of sulfide chimneys at marine black smoker locations,
where focused flow leads to columnar chimney formation (Haymon, 1983) and diffuse flow
leads to lower relief mounds, patchy crusts, and fracture infill (Bemis et al., 2012). The largest
pipes likely represent areas of continuous groundwater flux over longer time periods, whereas
the smaller pipe structures that form the central basis of mounds and barrels may have been
shorter-lived features or representative of lower flow regimes. Decreased flux after initial pipe
chimney formation may have then caused a shift toward more mound and barrel morphologies,
leaving the large towers as isolated structures.
Most mound and barrel morphologies contain cores of thinolite tufa over small pipe
features or cobbles. Thinolite is a calcite pseudomorph, considered to form through alteration of
the hydrated calcium carbonate mineral ikaite (CaCO3•6H2O), which forms initially in cold
water with high Mg or orthophosphate concentrations (Bischoff et al., 2009; Purgstaller et al.,
2017). Ikaite in nature is primarily observed to form at temperatures below 6˚C and has been
created in laboratory conditions at up to 12˚C in solutions with aqueous molar Mg/Ca ratios of
0.125 to 0.25 (Purgstaller et al., 2017). It has been observed forming at groundwater mixing
zones in cold alkaline lakes (Council and Bennett, 1993) and in marine environments, such as
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Ikka Fjord, where the mineral was discovered (Buchardt et al., 2001). Thinolites in the
Winnemucca basin occur primarily in mound morphologies, which are interpreted as forming in
mixing zones where groundwater influx is more diffuse (DeMott et al., 2019). Thinolites are
commonly found in association with small pipe tufas, and in some pipe tufa thin sections,
samples display isolated zoned calcite crystals or small clusters of these crystals, indicating that
ikaite may have comprised some portion of the crystalline pipe structure; similar associations,
where ikaite forms on the exterior of hydrothermal vent chimneys, are indicated at the Lost City
hydrothermal field, although ikaite is not directly observed (Ludwig et al., 2006). Because ikaite
formation is associated with generally low temperatures in nature, the initial deposition of
thinolites, and possibly pipe tufas, likely occurred in cold water, with the shift toward
thrombolite textures occurring as waters became warmer in the post-glacial interval.
Tufa deposition and microbial influence
Microbes may influence tufa deposition in a variety of ways, such as providing
nucleation sites for crystal precipitation, driving mineral supersaturation by increasing the
alkalinity through respiration, and providing a structural framework for building high relief
towers and mounds. Thus, microbial influence on tufa deposition is an important factor to
consider in the context of the depositional system. Understanding the roles of microbes in
carbonate precipitation can better constrain environmental conditions such as water temperature
and depth, and aid in interpretation of geochemical data from these deposits. Microbial influence
on carbonate precipitation is probably most significant when lake levels are high, and saturation
with respect to carbonate minerals in lake water is low (Wright, 2012); in these scenarios, the
microbial alkalinity engine has more influence than in evaporatively concentrated alkaline lakes
(Arp et al., 1999). In the Winnemucca basin, microbial presence is indicated in many of the
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textural and morphological tufa types described above. Thrombolite tufas appear directly
mediated by microbial processes and may be the only truly biogenic tufas in the Lahontan basins
(DeMott et al., 2020); however, thus far this has been demonstrated only by geochemistry and
similarity to modern microbialites, rather than by direct preservation of microbial constituents.
Organic matter, and possible filament traces are preserved in some laminated tufas (Fig. 9D), and
microbial filament traces and circular pores of similar size are preserved in pipe tufas (Fig. 8F);
however, determining microbe-mineral dependencies in these tufa types requires further
geochemical investigation.
Tufa microfabrics do not show any direct indications of microbial influence on
precipitation. Shrubby calcite fabrics have been produced in both biogenic and abiogenic settings
(Chafetz and Guidry, 1999), and as such are not diagnostic for microbial influence. Spherulites
have been demonstrated to form around bacterial cortices, although microbes may simply be
acting as a nucleation substrate rather than actively inducing precipitation (Chafetz et al., 2018).
Pipe tufas, while including shrubby calcite and spherulites, are dominantly composed of
crystalline calcite, particularly prismatic trigonal crystals which are common components of
spring deposits (Jones, 2017). The crystalline calcite in the pipe tufas may or may not be
microbially mediated, as microfabrics display a mixture of abiogenic (isopachous layers, acicular
fans with compromised boundaries) and biogenic characteristics (wavy layering, nonuniformity). Thinolite tufas show almost no biogenic attributes, although it is speculated that
microbial biofilms may have aided in the precipitation and construction of ikaite tufa columns
from Ikka Fjord (Trampe et al., 2016). Microbes were certainly present during all stages of tufa
deposition in Winnemucca, but appear to be necessary only for deposition of thrombolite and/or
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draping tufas; microbial communities likely provided crystal nucleation sites and structure for
pipe and thinolite tufas, rather than initiating precipitation via the microbial alkalinity engine.
Comparison to South Atlantic margin reservoirs and implications for exploration
The lacustrine carbonate reservoirs of the South Atlantic margin are similar to the tufa
deposits of the Lahontan system in several respects. Both lacustrine systems formed in
extensional basin settings where broad shallow lakes accumulated in half-grabens which were
periodically isolated or interconnected, depending on hydroclimatic conditions (Thompson et al.,
2015). Significant carbonate deposition in the South Atlantic basins occurs on basin highs, along
with some thinner carbonates occurring within the basin (Thompson et al., 2015). The carbonates
of the Barra Velha formation, which is the main carbonate reservoir interval in the Campos and
Santos Basins of Brazil, have been interpreted to form from a combination of abiogenic and
microbial processes, where hydrothermal systems were a significant component of the abiogenic
facies (Souza et al., 2018). Evidence for hydrothermal influx in the rift section of the Campos
Basin has been documented (Alvarenga et al., 2016), and a groundwater component to carbonate
formation in the South Atlantic basins has been suggested (Pietzsch et al., 2018). Pietzsch et al.
(2018) also estimated the rate of deposition of pre-salt lacustrine carbonates, with values that
range from 54 m/Myr to 210 m/Myr. These rates seem high compared to typical carbonate
accretion rates, but a calculated rate of tufa accretion in the Winnemucca basin of 160 m/Myr
(DeMott et al., 2019) is comparable and on the high end of these estimates.
Tufa textures from Winnemucca are also similar to some of the commonly observed
textural facies described in pre-salt lacustrine carbonates, in particular the shrubby calcite
microfabrics and the spherulites and laminated fabrics with high organic content (Lima and De
Ros, 2019). Thrombolitic tufa from the Winnemucca basin is probably the most similar
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texturally to these South Atlantic fabrics; given that thrombolite tufa is also the most
volumetrically significant facies type in the basin, it may be the most useful depositional and
reservoir property analogue for the South Atlantic carbonates. All tufa textures exhibit high
variability in porosity and permeability measurements; however, thrombolite tufas indicate the
highest range of both porosity and permeability, although this high range may be an artifact of
the small sample size. Due to the widespread prevalence of thrombolite tufa over the other tufa
textures, more samples of thrombolite were examined than of the other textures. Some of the
very high field-derived permeability measurements are likely due to fractures running through
the weathered exposure, although in the case of thrombolite tufas, hand sample measurements
were evenly distributed across the range of permeability for that tufa type. Despite this high
degree of heterogeneity, tufa textures and morphologies occur in predictable patterns across the
Winnemucca basin, providing a useful basis for construction of analogue models. Although the
Lahontan tufas have not undergone significant compaction and diagenesis, the porosity and
permeability values presented in this study represent a useful starting point for understanding
lacustrine carbonate reservoirs.
Thrombolite tufa in the Lahontan basins is strongly linked to microbial processes, and
microbes may have been required for precipitation of carbonates during the highstand intervals
of the lake (DeMott et al., 2020). However, this interpretation is based upon geochemical
analysis of organic matter, including DNA extraction and sequencing; such analyses have not
been conducted on South Atlantic carbonates, which are too old for reliable DNA analysis and
which have undergone a variety of diagenetic alterations (Lima and De Ros, 2019). The degree
of microbial influence on the deposition of South Atlantic margin carbonates is debated in the
literature (e.g. Wright and Barnett, 2015). Microbial influence, if a significant aspect of South
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Atlantic carbonate precipitation, has implications for depositional models; however, from the
standpoint of understanding reservoir properties, microbial influence may not be an important
factor.
In the Winnemucca basin, tufa distribution is closely linked to basin-scale groundwater
influx, which is controlled by topography and the underlying geology of the basin. Groundwater
influx was more substantial along the flexural margin of the basin, not the border fault, counter
to other models for lacustrine carbonates (e.g. Della Porta, 2015). Rather, the combination of the
basin structure and the underlying geology control the groundwater pathways, and groundwater
emerges both along fault pathways and at geologic contacts. Thus, the paleotopography and
paleohydrology of the system are the most important considerations for making predictive
depositional models for large-scale accumulation of potential carbonate reservoirs. If exploration
in such basins is limited to fault pathways, rather than considering the pathways of recharge and
discharge of groundwater, then important exploration targets may be missed.
Summary
Lacustrine carbonate tufa exposures in the Winnemucca Dry Lake basin of western
Nevada were mapped and described at multiple scales in order to generate a basin-scale
depositional model for carbonate deposition in a lacustrine rift basin setting. Tufas were
classified according to texture (cm- to µm-scale characteristics of the tufa) and morphology (mscale shapes that compose the overall deposit), using field and petrographic observations. Five
textural classes of tufa were determined: 1) Thrombolite tufa; 2) Thinolite tufa; 3) Pipe tufa; 4)
Laminated tufa; and 5) Cemented conglomerate tufa. These five textural facies compose three
dominant morphological types: 1) Draping frondose tufa; 2) Mound and barrel tufa; and 3)
Tower tufa. Tufas are highly porous, with a mean optical porosity value of 29%, and also have

146

high permeability, with a mean air permeameter measurement of 5.5 D. Mapping of tufas across
the basin reveals a concentration of exposures along the flexural margin of the half-graben basin,
rather than along the large border fault. This distribution is strongly related to the pattern of
spring emergence along a stratigraphic boundary between Quaternary basin fill and layered
Tertiary volcanics and volcaniclastics, suggesting a less significant impact from large-scale
faulting than has been inferred from other basins. Tufa morphologies are distributed according to
elevation and lake level, with draping morphologies occupying the highest elevations (1174 –
1374 masl), whereas mounds and towers occur at lower elevations (1149 – 1284 masl).
Groundwater influx, lake water chemistry and temperature, and microbial influence are the
dominant factors governing the distribution of tufa facies across the basin. Lacustrine carbonate
tufas from the Winnemucca basin are a useful depositional analogue for pre-salt lacustrine
reservoirs in the South Atlantic margin. Tufas are texturally similar to the shrubby calcite and
spherulite textures observed in the South Atlantic margin carbonates, with thrombolitic tufas
most similar. Thrombolite tufa porosity (mean = 25.7%) and permeability (median = 10.2 D)
data indicate that this textural class has high quality reservoir potential and may be a useful
analogue for pre-diagenetic South Atlantic reservoirs. Exploration for similar reservoirs in
lacustrine basins should focus on understanding the paleohydrology and paleotopography of the
basins, rather than limiting exploration to fault-controlled zones.
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Tables
Table 3-1. Summary of tufa volumes from digital outcrop models.
Site
Code

Pipe Tufa
Volume
(m3)

RR
RSR
FC
DR
WP

1,560
885
134
34
352

Thinolite
Tufa
Volume
(m3)
269
775
463
1,533
0

Thrombolite Conglomerate Laminated
Tufa
Tufa Volume
Tufa
3
Volume
(m )
Volume
(m3)
(m3)
15,591
0
0
3,710
449
478
13,793
169
0
13,035
0
0
1,605
0
0
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Total
Tufa
Volume
(m3)
17,420
6,297
14,560
14,601
1,958

Table 3-2. Geochemical data for springs and wells in the Winnemucca Basin.
Name (if any)
Latitude
Longitude
Year
Temperature ˚C
pH
Ca (mg/L)
Mg (mg/L)
Na+K (mg/L)
Cl (mg/L)
SO4 (mg/L)
HCO3 (mg/L)
Cond. (µS/cm)

Unnamed
Spring
40˚08’04”N
119˚22’44”W
1969
18.5
8.2
6
3
84
16
18
206
420

Sevenmile
Spring
40˚02’54”N
119˚23’15”W
1967
18.0
8.0
32
7
47
19
21
200
410

All data from the USGS NWIS database.
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USGS Well
40˚02’57”N
119˚18’31”W
1947
n/a
n/a
54
15
6400
7350
1740
2050
25400

Unnamed
Spring
40˚01’52”N
119˚15’36”W
1941
n/a
n/a
504
185
200
560
1430
203
n/a

Figures
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Figure 3-1. Winnemucca Dry Lake location and distribution of tufa.
Winnemucca Dry Lake in western Nevada, along with the maximum extent of Lake Lahontan at
its most recent highstand ~15,500 ybp (Benson et al., 2013). The striped blue area is the
historical extent of Winnemucca Dry Lake prior to desiccation. Tufa deposits are shown by the
colored circles, with colors indicating the dominant morphological type. Black contours are
minimum and maximum elevations of tufa occurrence (with minor exceptions); the shaded gray
background and gray contour lines are elevation in meters above sea level (masl).

151

Figure 3-2. Simplified cross-section of the Winnemucca basin.
Simplified schematic topographic and geologic cross-section across the Winnemucca basin at
10x vertical exaggeration. Mesozoic igneous bedrock (Mz) consists primarily of granitic and
metamorphic rocks. Tertiary layered volcanic and volcaniclastic rocks (T) dip toward the
Winnemucca basin at the western flexural margin, whereas Quaternary alluvium and lake
sediments (Q) fill the basin. Dashed lines represent inferred geologic contacts and faults. The
minimum and maximum elevations of tufa occurrences shown in Fig. 1 are marked by gray
dashed lines. Draping tufa morphologies occupy the higher elevations, whereas tower and mound
tufa morphologies occur at lower elevations and are restricted to the flexural margin.
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Figure 3-3. Thrombolite tufa.
A – Cross-section through a lobe of thrombolite tufa showing the radiating mesofabric along
with a denser outer layer and more porous inner layer. B – Slab of a thrombolite lobe, with the
base of the sample showing the contact with an older layer of tufa. Stromatolitic knobs occur at
the base, with the branching tufa radiating outwards. C – Thrombolite tufa showing several
horizontally stacked layers of lobate tufa. D – Lobate tufa with a nodular exterior texture. The
base of the layer shows a weathered lobe exposing the dendritic branches that compose the
nodes.
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Figure 3-4. Petrographic and SEM images of thrombolite tufa samples.
Petrographic (A-D) and SEM (E-F) images of thrombolite tufa samples impregnated with bluedyed epoxy. A – Typical thrombolite microfabric of mixed micrite and shrubby crystalline
calcite (cross-polarized light). B – Acicular fan of calcite “rosettes” with microlaminations;
laminae are optically continuous (plane light). C – Typical pore infill in thrombolite tufas
composed of volcaniclastic lithic fragments and quartz, along with carbonate grains such as
spherulites, ooids, and ostracod shell fragments. Slide has been stained with alizarin red to
identify calcite (plane light). D – Large reworked spherulite embedded in shrubby calcite matrix.
E – Scanning electron microscope image of typical thrombolite shrubby calcite and micrite
matrix. Arrow indicates micropores present throughout the sample. F – Scanning electron
microscope image showing diatom mold within the calcite matrix (white arrow).
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Figure 3-5. Thinolite tufa.
A – Large radiating thinolite pseudomorphs (Pyramid Lake). B – Cross-section through a large
pseudomorph revealing the reticulate interior structure and porosity (Pyramid Lake). C and D –
Radiating thinolite pseudomorphs from a Winnemucca basin tufa mound that has weathered
away to reveal the base of the layer. Thinolites from Winnemucca basin are typically smaller (5
cm or less) than those in the Pyramid basin (up to 50 cm).
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Figure 3-6. Thin section and SEM images from thinolite tufas.
Thin section (A, B, D) and SEM (C) images from thinolite tufas. A – Zoned calcite crystals in
dark micrite matrix, with microlaminated pore infill (plane light). B – Zoned calcite crystal in
micrite matrix (plane light). C – SEM image of a zoned calcite crystal illustrating the textural
differences between some layers composed of dense smooth calcite and others composed of
nanocrystalline aggregates with higher porosity. D – Acicular fan calcite “rosettes” with
microlaminations; laminae are optically continuous (cross-polarized light).
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Figure 3-7. Pipe tufa.
A – Large pipe tufa complex at a Winnemucca tower. B – Closer image of a pipe tufa. Note the
dense exterior. Some pipes contain thin horizontal sheets of calcite within the pipe structure,
possibly indicating times of stable lake level. C – Horizontal cross-section view of a pipe tufa
from the base of a weathered tufa mound. Note the dense, smooth exterior and the more porous
interior, as well as the concentrically layered structure. D – Slab of small pipe tufa, cut along the
vertical axis. Note the friable, porous interior and black staining, along with the dense and
smoother exterior.
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Figure 3-8. Pipe tufa photomicrographs and SEM images.
A – Highly porous crystalline microfabric typical of the interior of pipe tufas. Note the lack of
pore filling cement and/or micritic matrix (plane light). B – Acicular fan calcite “rosettes” with
optically-continuous microlaminations (plane light). C – SEM image of a trigonal calcite
mesocrystal composed of trigonal nanocrystals. D – Spherulites and calcite crystals from the
central vent of a pipe tufa. Spherulites are partially amalgamated and often have wavy
laminations (cross-polarized light). D – Crystalline calcite illustrating the commonly observed
circular pores in the center of possible proto-spherulites; these may indicate decay of microbial
filaments (plane light); F – A probable microbial filament trace with crystalline calcite along the
exterior (plane light).

160

Figure 3-9. Laminated tufa.
A – Thin layers of laminated tufa (red arrows) within a larger pipe and thrombolite tufa barrel;
laminated tufa typically occurs in this fashion in the Winnemucca basin tufas. B – Slab through a
laminated tufa sample at the base of a thrombolite lobe. Stromatolitic knobs are present at the
bottom of the slab, whereas weathered micrite laminae are present along the outermost edge. C –
SEM image of microlaminae observed in a thrombolite tufa sample. D – Micritic laminae from
the outer layer of the slab in B; laminae are defined primarily by porosity changes and organic
content (dark gray to black coloring; plane light).
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Figure 3-10. Cemented conglomerate tufa.
A – Layer of cemented conglomerate wrapped around a large tufa tower and mound (white
dashed lines outline the conglomerate). B – Cemented conglomerate at the base of a draping tufa
over basalt bedrock (white dashed lines indicate contacts). C – Typical volcaniclastic lithic
fragments that compose cemented conglomerates. White spherical areas in both C and D are
bubbles within the blue epoxy. D – Tufa lithoclasts and volcaniclasts in cemented
conglomerates. Note the fragments of zoned calcite (lower left) typical of thinolites, along with
laminated tufa fragments (center). C and D both in plane light.
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Figure 3-11. Tufa morphology types observed from sUAS imagery.
A – Aerial oblique image of draping frondose tufa over basalt bedrock (white arrow) along a
ridge separating the Pyramid and Winnemucca basins. Tufa is partially buried in sand. Note the
lobate, “birds-nest” structure of the draping tufa and the stacked nature of the lobes. B – Mound
and barrel morphology from the southern end of Winnemucca basin. These morphologies are
frequently composed of stacked mounds/barrels that illustrate a consistent concentric layered
structure. Note the vehicle and people for scale. C – Tower morphology from the southern end of
Winnemucca basin. The large central tower is surrounded by smaller mounds and barrels, and
the central pipe tufa complex is exposed by weathering.
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Figure 3-12. Porosity and permeability of WDL tufa.
Porosity (top) and permeability (bottom) for WDL tufa samples, classified by textural type; a
compilation of all tufa samples is shown in the final column (gray box). Note that permeability is
shown with a logarithmic scale, and that the accuracy threshold of the TinyPerm II is 10,000
mD.
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Figure 3-13. Example digital outcrop model and facies interpretation.
Example is from a tower morphology tufa in the southern Winnemucca basin. Upper image
shows the uninterpreted 3D mesh generated from PhotoScan and imported into MOVE. The
bottom image shows the facies interpretation, initially interpreted in ArcGIS from the highresolution orthomosaic, overlain on top of the digital mesh model.
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Figure 3-14. Schematic diagram illustrating the simplified tufa depositional sequence.
In the early stages of tufa growth, during relatively low lake levels, groundwater mixes with
alkaline lake water to initiate calcite or ikaite (thinolite) precipitation. Calcite forms small pipe
tufas at zones of focused influx, likely along small faults, while ikaite forms around cobbles of
bedrock or within the sediment column at sites of groundwater seepage, or in zones near focused
flow; precipitation is dominated by physico-chemical mixing processes. In the middle stages,
lake levels begin to rise, increasing groundwater flux with water table rise and increased
recharge. Pipes begin to accrete both vertically and horizontally, while layers of ikaite begin to
coalesce in mounds around cobbles and patches of ikaite in the sediments. In the latest stages, as
lake levels continue to increase and groundwater flux increases accordingly, tufa pipes accrete
into large tower complexes. Warmer temperatures in mixing zones and decreased lake alkalinity
cause a shift toward microbially-dominated precipitation as shelf-like thrombolite tufa along
bedrock outcrops and as exterior layers on towers and mounds. Wave action at shorelines
increases CO2 degassing and precipitation at higher elevation sites. Microbial mediation of
carbonate accumulation dominates until the lake level decreases toward historical levels, on
account of increased aridity.
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Conclusions and Recommendations for Future Research
This study presents some of the first detailed petrographic and geochemical analyses for
tufa from Lahontan basins, as well as the first synthesis of Lahontan tufa sedimentology that
considers basin-scale processes. These results show that tufa can be a useful sedimentary archive
for understanding paleoenvironmental conditions, so long as the depositional context is factored
into the study. The results also provide a basis for improving basin-scale depositional models for
lacustrine carbonates relevant to hydrocarbon exploration and production. The results of this
study demonstrate the importance of groundwater influx in lacustrine carbonate systems,
showing that the paleohydrological conditions in the lake catchment may be the most significant
factor behind deposition of thick (101 to 102 m scale) lacustrine carbonate accumulations. The
results also demonstrate that microbial processes are especially important in forming carbonates
during times of high lake levels and lower alkalinity, while physico-chemical processes likely
have a greater contribution to carbonate sedimentation during times of lower lake level and high
alkalinity.
While the new analyses and interpretations presented in this study help improve to our
understanding of lacustrine carbonate systems, there are still many questions that remain
uninvestigated. The pipe tufas in particular are worthy of further attention, particularly with
respect to the role of microbes in the formation of these structures that so closely resemble
hydrothermal vent chimneys. Potential modern chimney formation in Pyramid Lake could be
investigated to provide a direct modern analogue for the formation of the Pleistocene pipe tufas.
Investigating other tufa textural facies to see if the organic geochemistry and DNA differ
significantly from that of the thrombolite tufa examined in this study would be valuable. Such
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studies are few in the literature and could provide valuable and novel information on these
systems.
There also remain a number of questions regarding the sedimentology of the system.
Tufas in the Winnemucca basin are typically partially buried, and at least one study has found
older buried tufa in trenches dug in alluvial sediments, possibly indicating an older generation of
tufa that may be different than the exposed outcrops of the basin. Subsurface investigation of the
region is lacking, and while playa conditions are challenging for geophysical investigations,
information about the tufa “plumbing” system would be valuable for further understanding of the
relationship between tufa deposition and groundwater fluxes. Such data could also provide
valuable insight into the internal heterogeneity of tufa structures, which is only somewhat
revealed by the weathering of tufa outcrops; this information would provide a valuable resource
for understanding fluid flow in lacustrine carbonate reservoirs.
Although a number of radiocarbon age dates are presented in this study, there is
considerable uncertainty associated with age-dating of tufa deposits. Additional constraints on
age dates would help to decrease this uncertainty. Other age dating methods could be employed
to examine the tufa ages, including U/Th age dating techniques, organic residue age dates (as
applied in Chapter Two), or potentially even luminescence dating of clastic sediments trapped in
tufa matrix. Applications of these methods could help to more accurately reconstruct the history
of the basin and the timing of tufa growth and help to better understand and interpret the lake
level record.
The Winnemucca Dry Lake basin is at a higher base elevation and is more prone to
desiccation events than the Pyramid Lake basin; thus, the two basins likely respond at different
times to hydroclimatic changes. A continuous depositional record from the lake sediments of
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Winnemucca Dry Lake would also be valuable as a comparison to the discontinuous tufa record
and to the sediment records obtained from Pyramid Lake. Such comparison could help reveal the
cause of the observed differences in tufa depositional patterns between the two lake basins, and
further constrain the lake level fluctuations of the Winnemucca basin, which at times was
separate from and operated independently from the Pyramid basin.
These questions present potential future avenues of research into the Lahontan tufas, but
many of these questions and techniques could also be applied to lacustrine carbonates in other
basins, many of which are also lacking significant assessments. Numerous tufa deposits occur
throughout the other Lahontan basins, in addition to the other pluvial lake basins in Oregon,
California, and Utah. Additional research on these and other basins, employing similar
techniques, would greatly add to our understanding of the variability in these deposits, as well as
the underlying systematic similarities that result in the deposition of these useful and interesting
geological features.
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Appendix A: Tufa Age Model
In order to better capture the uncertainty associated with tufa radiocarbon ages, an age
modeling program was employed that uses a probabilistic, Monte Carlo approach to evaluating
age data. The model, called StalAge (Scholz & Hoffman, 2011) was originally developed for
creating U-Th age models in speleothem paleoclimate archives, but is easily adaptable to other
accretionary sedimentary records, including tufa. The R-based model can handle problematic
data sets, allowing the user to better constrain uncertainty around outliers, age inversions,
depositional hiatuses, and large changes in growth rates (Scholz & Hoffman, 2011). This
appendix contains the inputs for the StalAge model presented in Chapter One, along with the
model outputs from each stage of the modeling process.
Model inputs include the age of the sample, the error in sample age, and the depth along
the transect. In the tufa model, depth = 0 represents the outermost layer of the tufa dome, with
the center at depth = 123 cm; this follows the convention that the youngest age dates at the top of
an archive record, such as a speleothem or sediment core (Table A-1). As a final output, specific
depths can be entered into the model package and age dates for those depths calculated from the
resulting age model (Table A-2). The data is plotted with the uncertainties (Fig. A-1), then
screened for major (Fig. A-2) and minor (Figs. A-3 and A-4) outliers. A linear-regression Monte
Carlo simulation is then run between each successive age data point (Fig. A-5), and the final age
model with 95% confidence intervals is created (Figs. A-6 and A-7). The depth table is then
applied and age values generated from the model for each corresponding depth (Table A-3).
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Table A-1. StalAge radiocarbon age input values.
depth
0
13
29
56
69
89
109.5
123

age
15070
15810
15840
18080
20570
19100
18320
26420

error
134
129
107
97
116
99
126
180

Table A-2. StalAge depth input values.
dft
0
8.9
13
29
34.4
48.5
52.7
56
60.5
69
74
77
89
102.6
109.5
115.5
123
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Figure A-1. Original data entered into StalAge.
Please note that the modeled depth from center is reversed so that the youngest age is at a depth
of zero rather than the oldest; this is due to the design of the code and was corrected after the
model was run. Depths for modeling of ages is entered as a separate text file, enabling
extrapolation of ages between points with radiocarbon data.
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Figure A-2. Major outlier screening.
The age data is screened for major outliers and we opted to enlarge the error for the major outlier
detected (the data point may also be deleted if desired).

184

Figure A-3. Minor outlier screening.
The data are screened for minor outliers and age reversals.
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Figure A-4. Post-outlier screening error.
Error bars are enlarged for major and minor outliers after screening.
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Figure A-5. Monte Carlo linear regression results.
Age modeling results, where data points are fitted by an error weighted straight line within
associated error bars, followed by a Monte-Carlo simulation for each sub-set using ages and
uncertainties. Resulting lines with a positive slope are recorded, while negative sloped lines are
discarded.
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Figure A-6. Final age model with screened errors.
The final age model (green line) and corresponding 95%-confidence limits (red lines) showing
the enlarged screened errors for outliers.
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Figure A-7. Final age model with original errors.
The final age model (green line) and corresponding 95%-confidence limits (red lines) showing
the original errors.
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Table A-3. Final age-distance results.
depth

median age

plus

minus

Sample #

0

15223.803

15506.905

14965.991

14-8

13

15525.715

15688.788

15378.545

14-7

29

15856.901

15998.402

15720.905

14-6

48.5

17864.450

18065.486

17430.031

17-4

56

18149.425

18289.036

18015.953

14-5

60.5

18315.264

18706.451

18180.091

17-3

69

18537.342

19125.560

18429.284

14-4

77

18763.264

19125.560

18429.284

17-2

89

19106.965

19244.754

18916.441

14-3

109.5

19856.918

23711.228

19291.323

14-2

115.5

20082.676

25179.634

19415.070

17-1

123

23377.121

27351.954

19637.205

14-1
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Appendix B: Winnemucca Basin Geology and Spring Locations
Groundwater plays a significant role in the deposition of lacustrine carbonate tufas in
Winnemucca Dry Lake. Numerous springs and seeps have been documented in the Winnemucca
basin and surrounding mountain ranges (Fig. B-1). The majority of the springs occur along the
western flexural margin of the basin, or in the mountain ranges, with only a few located on the
basin floor (Fig. B-1). Spring distributions correlate to contacts between rock units (primarily
igneous bedrock and overlying Quaternary alluvium) or to faults.
Surface geology in the Winnemucca basin is primarily Quaternary alluvium and basin
fill, primarily siliciclastic sands and silts. The western mountain range (the Lake Range) consists
of tilted beds of Tertiary volcanic basalts and volcaniclastic bed. The eastern mountain range
(Nightingale Range) consists primarily of intrusive rhyolites and granodiorites, with isolated
regions of sandstone and shale.
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Figure B-1. Surface geology and location of known springs in the Winnemucca Basin.
Bedrock geology and faults from the Nevada Bureau of Mines and Geology ArcGIS database
(https://data0nbmg.opendata.arcgis.com). Springs located from topographic maps and indicated
by blue circles; blue stars indicate the locations of springs listed in Table B-1. Surface geology is
as follows: Qp – Quaternary playa; Qa – Quaternary alluvium; Qls – Quaternary landslide; Tba –
Early Miocene to Early Pliocene basalt; Ts3 – Late Eocene to Late Miocene sandstone; Tt2 –
Early Oligocene to Early Miocene rhyolite; Kgr – Cretaceous granodiorite; JTrs - L. Triassic to
Early Jurassic shale.
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Appendix C: Geochemical Data of All Tufa Samples
Tables in Appendix C contain all analytical results and data for each sample analyzed
over the course of this study. Tufas were analyzed for stable isotope values of oxygen, inorganic
carbon, organic carbon, and nitrogen (Table C-1). Detailed sample preparation and analytical
methods are described in Chapters 1 and 2; Table C-1 also contains previously unpublished data
for d13Corg from samples described in Chapter 1 (see sample IDs marked with *).
Tufa samples were also analyzed for trace element ratios (Table C-2). Detailed sample
preparation and analytical methods are described in Chapter 1. Table C-2 includes unpublished
data for trace element ratios of Ba/Ca, Na/Ca, Mn/Ca, Fe/Ca, and K/Ca. Average analytical
precisions of carbonate elemental samples are Mg/Ca = 0.006; Sr/Ca = 0.0004; Ba/Ca = 0.0002;
Na/Ca = 0.001; Mn/Ca = 0.0001; Fe/Ca = 0.0008; K/Ca = 0.002 (1s of 5 internal standard
replicates).
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Table C-1. Stable isotope results for all analyzed tufa samples.

-2.42

d13Ccarb (‰
VPDB)
2.31

d13Corg (‰
VPBD)
-24.07

Winn17-DR-1*

-1.91

3.62

-24.41

Winn14-002*

-2.64

3.38

-25.61

Winn14-002-rep*

-2.46

3.42

Winn14-003*

-4.10

4.06

-24.42

Winn17-DR-2*

-3.43

3.57

-23.38

Winn14-004*

-2.91

3.04

-25.16

Winn17-DR-3*

-2.95

3.51

-24.05

Winn14-005*

-2.51

3.50

-23.18

Winn14-005-rep*

-2.58

3.49

Winn17-DR-4*
Winn17-DR-4rep*
Winn14-006*

-2.45

3.44

-2.52

3.45

-2.53

3.75

-23.87

Winn14-007*

-2.47

3.88

-23.44

Winn14-008*

-2.23

3.01

-22.73

Winn17-DR-5*

-0.84

3.77

-21.10

Winn17-DR-6*

0.37

3.16

-21.91

Winn17-DR-7*

1.08

4.15

-21.96

Winn17-DR-8*
Winn17-DR-8rep*
FHN1-A

-0.43

2.68

-21.66

-0.50

2.67

-1.98

3.52

-23.10

8.85

FHN1-B

-1.62

3.96

-24.09

8.08

FHS1-A

-1.77

3.71

-24.93

5.78

FHS1-B

-2.17

3.52

-24.23

5.42

FHS1-C

-1.82

3.72

-25.25

4.61

FHS2-A

-1.50

3.83

-23.08

6.81

FHS2-B

-1.53

3.69

-24.75

5.09

FHS2-C

-2.25

3.44

-23.16

5.60

RR1-A

-2.46

3.44

-23.51

7.55

RR1-B

-2.18

3.48

-24.02

5.66

Sample ID

d18O (‰ VPDB)

Winn14-001*
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d15N (‰ AIR)

-22.90

-1.84

d13Ccarb (‰
VPDB)
3.68

d13Corg (‰
VPBD)
-23.56

RR5-A-2

-1.60

3.86

-22.54

7.11

RR5-B-1

-1.75

3.81

-22.93

7.02

RR6-A

-1.95

3.80

-20.93

5.28

RR6-B

-1.81

3.76

-22.70

5.96

RR7-A

-1.93

3.60

-22.72

5.25

RR7-C

-2.18

3.50

-20.83

5.26

FHS3-A

-2.79

3.85

-21.15

4.08

FHS3-B

-2.80

3.78

-20.89

3.75

RR8-A

-2.10

3.56

RR8-B

-2.08

3.63

FHN1-C

-2.29

3.59

RR5-C-1

-1.76

3.79

RR7-B

-2.26

3.22

Sample ID

d18O (‰ VPDB)

RR5-A-1

d15N (‰ AIR)

7.58

Samples marked with an * were used in Chapter 1; unmarked samples were used in Chapter 2.
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Table C-2. Elemental molar ratios for all analyzed tufa samples.
Sample ID

Mg/Ca

Sr/Ca

Ba/Ca

Na/Ca

Mn/Ca

Fe/Ca

K/Ca

RS-001

0.023

0.0009

0.00018

0.0082

0.00024

0.00078

0.00030

Winn11-001

0.032

0.0027

0.0018

0.0055

0.00038

0.0019

0.00083

Winn11-001

0.040

0.0020

0.00056

0.041

0.00029

0.0047

0.0029

Winn11-002

0.025

0.0022

0.00084

0.0086

0.00031

0.0032

0.0018

Winn11-003

0.043

0.0030

0.00095

0.0041

0.00014

0.0021

0.00055

Winn11-004

0.057

0.0018

0.00037

0.0074

0.0012

0.0077

0.0073

Winn11-005

0.036

0.0023

0.00070

0.0088

0.00038

0.0022

0.0011

Winn11-006

0.057

0.0036

0.0015

0.0097

0.00038

0.0040

0.0024

Winn14-001

0.032

0.0026

0.00020

0.0072

0.0024

0.0024

0.00071

Winn14-002

0.023

0.0023

0.0014

0.0074

0.00024

0.0049

0.0028

Winn14-003

0.026

0.0022

0.0011

0.0059

0.00030

0.0050

0.0025

Winn14-004

0.021

0.0020

0.00098

0.0051

0.00019

0.0027

0.0012

Winn14-005

0.030

0.0030

0.0011

0.0092

0.00015

0.0022

0.0015

Winn14-006

0.042

0.0030

0.0011

0.012

0.00020

0.0048

0.0023

Winn14-007

0.046

0.0037

0.0012

0.0047

0.00022

0.0047

0.0014

Winn14-008

0.048

0.0028

0.00090

0.0041

0.00057

0.0049

0.0015

WPR-001

0.058

0.0022

0.0016

0.0078

0.00099

0.0073

0.0025

WPR-002

0.033

0.0029

0.0011

0.0057

0.00021

0.0013

0.00068

WPR-003

0.049

0.0025

0.0014

0.0079

0.00181

0.0046

0.0011
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Appendix D: Structure-From-Motion Maps and Models
Figures contained in Appendix D show output results from Agisoft Photoscan Pro for
five tufa exposures in the Winnemucca basin, as discussed in Chapter 3. Two-dimensional
orthomosaics and digital elevation models, along with tufa facies interpretations, are show in
Figures D-1 through D-5. Three-dimensional digital outcrop models are shown in Figures D-6
through D-10. Some 3D models may be viewed and examined online at the following web
address: lmdemott.expressions.syr.edu/research/models/
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Figure D-1. Photogrammetry
products and interpretation, site
DR.
This site is a mound and barrel
morphology tufa outcrop in the
southern Winnemucca basin. All
products generated using AgiSoft
Photoscan Pro and ESRI ArcGIS.
A – Digital elevation model (DEM)
with 2 m contours. B –
Orthomosaic of same outcrop. C –
Orthomosaic with tufa textural
interpretation overlain. The outcrop
is dominated by thrombolite tufa,
with only minor exposures of
thinolite and pipe tufa; no
conglomerates or laminated tufas
are present at this site.
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Figure D-2. Photogrammetry
products and interpretation, site FC.
This site is a mound and barrel
morphology tufa outcrop in the
southern Winnemucca basin. All
products generated using AgiSoft
Photoscan Pro and ESRI ArcGIS.
A – Digital elevation model (DEM)
with 2 m contours. B –
Orthomosaic of same outcrop. C –
Orthomosaic with tufa textural
interpretation overlain. The outcrop
is dominated by thrombolite tufa,
with only minor exposures of
thinolite, pipe, and conglomerate
tufa; no laminated tufas are present
at this site.
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Figure D-3. Photogrammetry
products and interpretation, site RS.
This site is a tower morphology
tufa outcrop in the northern
Winnemucca basin. All products
generated using AgiSoft Photoscan
Pro and ESRI ArcGIS. A – Digital
elevation model (DEM) with 2 m
contours. B – Orthomosaic of same
outcrop. C – Orthomosaic with tufa
textural interpretation overlain. The
outcrop is one of the few that
contains all tufa textural facies;
thrombolite tufa is the dominant
morphology, but large amounts of
the other tufa textures are also
present at this particular site.
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Figure D-4. Photogrammetry
products and interpretation, site
WP.
This site is a tower morphology
tufa outcrop in the southern
Winnemucca basin. All products
generated using AgiSoft Photoscan
Pro and ESRI ArcGIS. A – Digital
elevation model (DEM) with 2 m
contours. B – Orthomosaic of same
outcrop. C – Orthomosaic with tufa
textural interpretation overlain. The
outcrop is dominated by
thrombolite and pipe tufa; no
thinolites, conglomerates or
laminated tufas are observed at this
site.
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Figure D-5. Photogrammetry
products and interpretation, site
RR.
This site is a tower morphology
tufa outcrop in the southern
Winnemucca basin. All products
generated using AgiSoft Photoscan
Pro and ESRI ArcGIS. A – Digital
elevation model (DEM) with 2 m
contours. B – Orthomosaic of same
outcrop. C – Orthomosaic with tufa
textural interpretation overlain.
The outcrop is dominated by
thrombolite and pipe tufa; no
thinolites, conglomerates or
laminated tufas are observed at this
site.
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Figure D-6. View of the 3D digital outcrop model of the tufa mounds shown in Fig. D-1.
View is from the south, looking to the north; note vehicle for scale.
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Figure D-7. View of the 3D digital outcrop model of the tufa mounds shown in Fig. D-2.
View is from the south, looking to the north; note vehicle for scale.
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Figure D-8. View of the 3D digital outcrop model of the tufa tower shown in Fig. D-3.
View is from the north, looking to the south. Height of tower is ~13 m from base to top.
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Figure D-9. View of the 3D digital outcrop model of the tufa tower shown in Fig. D-4.
View is from the east, looking to the west; note vehicle for scale.
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Figure D-10. View of the 3D digital outcrop model of the tufa tower shown in Fig. D-5.
View is from the west, looking to the east; tower is ~18 m from base to top.
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